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The diverse neuronal cell types in the vertebrate retina all originate from multipotent retinal 
progenitor cells (RPCs). These undergo a series of molecular changes driven by developmental 
gene regulatory networks (GRNs) as they divide to generate RPCs which are more restricted in 
their potential fates. It is crucial to understand these GRNs and changes to gene expression in order 
to understand how cell identity is established during retinal development. In particular, the GRN 
that promotes the development of cone photoreceptors and horizontal cells is not well-defined. 
This work focuses on two approaches to further elucidate the components of this regulatory 
network and how gene expression is controlled in developing cones and horizontal cells.  
The first part of this work is largely focused on a fate-restricted RPC that can be defined 
by the activity of the cis-regulatory element ThrbCRM1 and preferentially generates cone 
photoreceptors and horizontal cells. This element is bound by two transcription factors: Otx2 and 
Onecut1. To identify upstream factors that contribute to Onecut1 expression in this population, 
this work used a large-scale enhancer screen which yielded two regulatory elements: Onecut1 
ECR65 and Onecut1 ECR9. These enhancers are both active in ThrbCRM1-positive cells and mark 
populations that are biased to the cone photoreceptor and horizontal cell fates. Through a 
combination of bioinformatic tools for predictive binding and functional experiments, it was 
shown that both of these elements respond to bHLH family transcription factors. These 
 v 
experiments provide evidence that bHLH expression is involved in restricting RPCs to the cone 
and horizontal cell fates.  
The second part of this work describes a comparative study between cone-dominant and 
rod-dominant mammalian retinae, using the thirteen-lined ground squirrel and mouse. This work 
is the first to describe retinal development in the thirteen-lined ground squirrel retina and 
demonstrates differences in the timing of particular events in cone and horizontal cell 
development.  This work also used ATAC-seq to compare developmental chromatin accessibility 
between mouse and ground squirrel retinae. This approach led to the identification of several 
differentially accessible chromatin regions, some near known cone photoreceptor and horizontal 
cell genes. This work provides the tools needed to further understand the gene regulatory 
differences between the developing mouse and ground squirrel retinae. This comparative approach 
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1. General Introduction 
 
This thesis focuses on the development of cone photoreceptor cells and horizontal cells, 
two of the cell types that comprise the vertebrate retina, and emphasizes the role of gene regulation 
in directing retinal cell fate. The Introduction broadly provides background on the vertebrate retina, 
the various cell types therein and retinal development. This section also introduces and provides 
details regarding cone photoreceptors and horizontal cells in multiple species, along with 
developmental gene regulatory networks and fate-restricted retinal progenitor cells. This thesis 
approaches the topic of cell fate specification by studying the expression of molecular markers and 
the activation of gene regulatory elements. Part I describes a large-scale screen for cis-regulatory 
elements active in the developing chick retina, followed by molecular assays to understand how 
the candidate elements are activated in developing cone photoreceptors and horizontal cells. Part 
II is a characterization of retinal development in the thirteen-lined ground squirrel, due to its 
diurnally adapted and cone-rich retina, and makes use of comparative genomics between the 
mouse and ground squirrel. The Conclusions section of this thesis summarizes how the findings 
of this thesis further the overall understanding of retinal cell fate choice. The final section, 
Additional Experiments and Future Directions, describes some additional projects relevant to gene 
regulation and retinal cell fates and proposes future studies that build on this work.  
 
1.1 The structure of the vertebrate retina  
 
The vertebrate retina is the organ located at the back of the vertebrate eye, responsible for 
sensing light, converting it to an electrical signal, refining the signal and finally relaying that 
information to the brain. It is composed of multiple cell types and subtypes and organized into 
three discrete nuclear layers (Figure 1). This stratified structure is highly conserved throughout all 
vertebrates, as are many of the cell types and their distinct morphologies and functions.  
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The outer nuclear layer (ONL) is comprised of the nuclei of cone and rod photoreceptors 
(Figure 1), which sense light using the pigment proteins that localize to the photoreceptor outer 
segments. Light stimulus causes photoreceptors to hyperpolarize and stop releasing glutamate, 
signaling to retinal neurons in the inner nuclear layer (Masland, 2001).  
The inner nuclear layer (INL) consists of horizontal cells (HCs), bipolar cells (BCs), and 
amacrine cells (ACs). In the outermost part of the INL, horizontal cells receive and refine the 
signal from photoreceptors by providing inhibitory feedback (Figure 1). These cells, along with 
bipolar cells, synapse with photoreceptors in the outer plexiform layer (OPL) between the ONL 
and INL. Bipolar cells also receive input from photoreceptors and HCs, which is then transmitted 
to amacrine cells in the innermost INL and retinal ganglion cells (RGCs). RGCs and ACs comprise 
the third nuclear layer of the retina, the Ganglion Cell Layer (GCL) (Figure 1). The RGC neurons 
are the last to receive the signal before it is transmitted to the brain via long axonal projections 
which form the optic nerve. Of the diverse cell types described above, this work will focus largely 

















Figure 1. The vertebrate retina is arranged into three nuclear layers: the outer nuclear 
layer (ONL), inner nuclear layer (INL) and ganglion cell layer (GCL). The cells of the ONL 
synapse with the cells of the INL at the outer plexiform layer (OPL). The cells of the INL 
synapse with retinal ganglion cells at the inner plexiform layer (IPL). Cone and rod 
photoreceptor nuclei reside in the ONL. Horizontal cells (teal) reside in the INL. Schematic from 










































Figure 1. The vertebrate retina is arranged into three nuclear layers: the outer nuclear layer 
(ONL), inner nuclear layer (INL) and ganglion cell layer (GCL). The cells of the ONL synapse the 
cells of the INL at the outer plexiform layer (OPL). The cells of the INL synapse with retinal 
ganglion cells at the inner plexiform layer (IPL). Cone and rod photoreceptors reside in the ONL. 











1.2 Development of the vertebrate Retina  
 
Retinal development is known to proceed in a highly controlled manner. It was first 
determined through birth-dating studies using tritiated thymidine to label mitotically dividing cells 
that the central retina develops before the peripheral retina (Prada et al., 1991) and that the cell 
types are generated in a specific order (Figure 2). Retinal ganglion cells are the first cell type to 
differentiate, followed closely by cones, HCs and ACs in early retinal stages. Rod photoreceptors, 
BCs, and Muller glia are specified later in development (Young, 1985; Prada et al., 1991).  
Following this, a viral lineage tracing system was developed in which single cells are 
infected with a replication-incompetent viral vector. As the vector expresses a Beta-galactosidase 
(ßgal) reporter, the progeny of the initially infected cell can be detected via histochemical staining. 
This system was used in the postnatal rat retina to understand the lineage relationships between 
retinal cells. Though descendants of a single cell type were more common, it was observed that 
some clones gave rise to multiple later-born cell types such as rods, bipolar cells, ACs and Muller 
glia. It was proposed that a single progenitor could give rise to all four of the cell types that are 
normally generated at this time point (Turner and Cepko, 1987). The idea of a multipotent 
progenitor cell was supported by a study in which single optic vesicle cells in developing frogs 
were injected with fluorescent dye. This resulted in some clones that were considered 
“multilaminar” – the progeny spanned two or even all three nuclear layers of the retina and were 
of different cell types (Wetts and Fraser, 1988). A viral lineage tracing analysis in the chick retina 
reported large numbers of labelled cells dispersed throughout the retina, termed “shotgun clusters”, 
when the retina was infected at embryonic day 3 (E3). It was noted, however, that these shotgun 
clusters were not observed when the retina was infected later, at E6 or E7 (Fekete et al., 1994).  
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These findings led to the hypothesis that multipotent retinal progenitor cells (RPCs) are 
competent to give rise to particular cell types during specific temporal windows which are 
conserved throughout vertebrates (Cepko et al., 1996; Wong and Rapaport, 2009). Some of these 
time points are very well-defined – the peak of cone photoreceptor development in the mouse 
retina is at embryonic day 13.5 (E13.5) (Carter-Dawson and LaVail, 1979). In the chick retina, the 
peak of photoreceptor development was observed to fall somewhere from E5-E7 (Prada et al., 
1991). It is highly probable that chick cone photoreceptors are generated before rods as in other 
vertebrates (Figure 2). As detailed in other sections of this General Introduction, it is now 
understood that multipotent RPCs divide to give rise to particular neuronal or glial types based on 
intrinsic cues, such as transcription factor (TF) expression, as well as extrinsic cues such as cell 
signaling (Reese, 2011). However, the authors of these foundational studies in retinal development 
posed two important questions:  
(1) How can a uniform pool of multipotent progenitors generate every retinal cell type? 
(2) How are all of the distinct retinal cell types generated in the correct ratios?  
This thesis aims to provide further insight to these questions with a focus on how gene expression 


















Figure 2. The timeline of vertebrate retinal development is highly conserved. The overlapping 
birth windows of the retinal cell types are shown against timelines of mouse and chick 
development. The peak of cone photoreceptor development in mouse is E13.5 and approximately 
E5-E6 in chick. The peak of rod photoreceptor development is P0 in mouse and approximately 






























Figure 3. Outline of thesis. Broad topics under the umbrella of retinal development are followed by 
specific areas of research regarding gene regulation and the development of cone photoreceptors and 
horizontal cells.   
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1.3 Developmental gene regulatory networks  
 
Cis-regulatory elements, or transcriptional enhancers, are non-coding DNA elements that 
contain binding sites for multiple TFs (Levine and Davidson, 2005; Levine, 2010; Spitz and 
Furlong, 2012), capable of directing the temporally and spatially specific expression of target 
genes. It is this property that makes transcriptional enhancers particularly useful for identifying 
and studying developing populations of cells. Transcriptional enhancers are also considered to be 
modular, and able to function away from their genomic contexts (Spitz and Furlong, 2012). A 
common method of dissecting enhancer function is therefore to isolate the sequence from its 
genomic context and place it upstream of a minimal promoter and reporter gene to characterize the 
expression pattern it directs (Shlyueva et al., 2014; Andersson and Sandelin, 2020).  
Transcriptional enhancers along with the TFs which bind them constitute gene regulatory 
networks (GRNs), which direct developmental processes such as cell fate choice. Developmental 
TFs are frequently pleiotropic, involved in numerous processes at varying time points in multiple 
cell types. For example, Otx2 is required for the development of both rod and cone photoreceptors 
in the retina. However, combinatorial expression of multiple TFs that occupy a single enhancer 
element allows for more precise definition of cell types (Spitz and Furlong, 2012). In studies of 
retinal development, enhancer elements can be used to uncover combinatorial action of TFs, define 
developing retinal progenitor populations, and determine which TFs are involved further upstream 








1.4 Photoreceptors, Subtypes, and Ratios  
 
Cone photoreceptors have large, cone-shaped outer segments that express specialized opsin 
pigments, which bestow sensitivity to different wavelengths of light. These cells, which are 
adapted for bright-light conditions, are important for color vision and visual acuity (Mustafi et al., 
2009). Cone photoreceptors can be divided into subtypes based on which cone opsin they express. 
Different species have varying combinations of these cone subtypes. The opsins expressed by the 
cones of a particular vertebrate determine its ability to discriminate colors. For example, human 
cone photoreceptors can express one of three opsins. “Long wavelength-sensitive” or LWS opsin-
expressing cones in the human retina are able to respond to the red part of the visible spectrum, 
whereas “short wavelength-sensitive” or SWS opsin-expressing cones are also referred to as “blue 
cones”. The avian retina has a larger diversity of cone photoreceptors, whereas some mammals 
such as the mouse only have two cone subtypes (Szél et al., 1996; Solomon and Lennie, 2007; 
Musser and Arendt, 2017).  
In contrast, rod photoreceptors have rod-shaped outer segments and only express the 
rhodopsin pigment. Rod photoreceptors are required for vision in low-light conditions and are 
highly sensitive to light. Most vertebrate retinae are referred to as “duplex retinae” as they have 
both cone and rod photoreceptors, but the cone-to-rod ratio is frequently indicative of the species’ 
temporal niche (Walls, 1942). As mammals are ancestrally nocturnal, many mammalian retinae 
are rod-dominant (Figure 4)  (Gerkema et al., 2013). Similarly, the typical avian retina is cone-









Figure 4. Varying composition of a nocturnal and diurnal retina. The cone:rod ratios of each are 
labelled above the electron micrographs. The outer nuclear layer (ONL) in the diurnal squirrel retina 
(left) is cone-dominant and therefore noticeably thinner than the ONL of the nocturnal and rod-dominant 
cat retina (right). Rod cell bodies in the nocturnal retina are stacked on top of each other. Similarly, the 
INL of the diurnal retina is thicker than the INL of the nocturnal retina. This may be due to differences 
in horizontal cells, which are thought to be more abundant in diurnal retinae. However, variation in 
amacrine cell number and bipolar cell number may also contribute. Electron micrographs from (Ahnelt 
and Kolb, 2000). 
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tha the NL of the nocturnal re na. This may be du to di erences in hori ntal c lls hich are thought to
be more abundant in diurnal re nae. o ever varia on in amacrine cell number and bipolar cell number












1.5 The role of gene expression in photoreceptor identity and function  
 
Previous studies have identified multiple genes involved in photoreceptor development. 
Genes involved in both rod and cone photoreceptor development include homeobox family 
members such as Crx and Otx2 as well as bHLH family members such as NeuroD1. Multiple 
studies have used RNA in situ hybridization (ISH) in the E5 and E7 chick retina to establish that 
NeuroD1 is expressed in the outer retina where photoreceptor markers such as Visinin are 
expressed (Yan and Wang, 1998; Li et al., 1999; Buenaventura et al., 2018). Virally overexpressed 
NeuroD1 results in an expanded ONL as well as an increase of Visinin(+) cells (Yan and Wang, 
1998). These findings are supported by experiments in the mouse retina. A conditional knockout 
of NeuroD1 in mouse photoreceptor cells results in decreased M-opsin as early as P14 (Liu et al., 
2008) and decreased Rhodopsin at 2 months of age, followed by a total deterioration of the ONL 
by 4 months of age (Ochocinska et al., 2012). 
Crx was initially identified in a screen for homeobox family members expressed in the 
developing retina. RNA in situ hybridization shows that Crx expression begins around E12.5 in 
the mouse retina, increases by E15.5, and peaks at P6. The temporal expression pattern of Crx 
coincides with markers of photoreceptor maturation, indicating that Crx(+) cells are postmitotic 
photoreceptors (Furukawa et al., 1997). Viral expression of a Crx-EnR dominant negative 
construct results in morphologically defective rod photoreceptors lacking outer segments, 
suggesting that Crx also functions later in rod development (Furukawa et al., 1997).  
Otx2 is first detected in the retinal pigmented epithelium (RPE) of the mouse at E11, in the 
nuclei of developing retinal cells at E13 and later in rod photoreceptors and bipolar cells. This 
study proposed a model in which Otx2-expressing RPCs could choose between the rod 
photoreceptor and bipolar cell fates, depending on extrinsic factors (Baas et al., 2000). This study 
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also reported cytoplasmic localization of Otx2 in photoreceptors, but it was later shown through 
the use of an Otx2-GFP transgenic mouse that the protein was expressed in the nucleus, very close 
to the nuclear envelope (Fossat et al., 2007).  Another study used ISH to confirm Otx2 expression 
early in mouse retinal development at E12.5. Virally overexpressed Otx2 in the P0 rat retina 
labelled more rods, fewer ACs and fewer bipolar cells than the empty viral vector. Further, a 
transgenic mouse that deleted the first exon of Otx2 in Crx(+) cells resulted in reduced eye size, 
an absent ONL and an expanded Pax6(+) INL by P9. These results, in conjunction with the loss of 
Crx expression, indicate that Otx2 expression is required for photoreceptor fates (Nishida et al., 
2003). Otx2 expression in the chick retina at E7 is consistent with its expression in the mouse 
retina (Emerson and Cepko, 2011). The findings from mouse are also supported by a recent single-
cell RNA-seq analysis of CRISPR-based Otx2 knockout in the chick retina. Pax6(+) cells 
increased two-fold when the Otx2CRISPR construct was introduced via electroporation. These 
mutants were also deficient for photoreceptor markers and enriched for markers of inner retinal 
cell types (Ghinia Tegla et al., 2020). A study in mouse used a combination of lineage tracing, 
shRNA knockdown, and fluorescent ISH to demonstrate that photoreceptor vs. bipolar fate choice 
is mediated by low vs. high levels of Otx2, respectively. It was shown that a negative feedback 
loop of the repressor Blimp1 keeps Otx2 expression low enough to drive postmitotic cells to the 
rod photoreceptor fate (Wang et al., 2014). Interestingly, work in Xenopus laevis shows that XOtx2 
is largely restricted to bipolar cells while its homologue, XOtx5b, is expressed in rod and cone 
photoreceptors as well as bipolar cells (Viczian et al., 2003).  
Together, these studies showed that developmental gene expression can bias RPCs towards 
photoreceptor fates, even when the genes of interest are expressed in multiple cell types and at 
multiple time points. 
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1.5.1 Rod photoreceptors 
 
Studies seeking genes expressed specifically in rod photoreceptors led to the Maf-family 
mammalian gene Nrl. Known to be involved in the human disease retinitis pigmentosa, Nrl is also 
required to specify rod photoreceptors and is not expressed in cones. Electrophysiology determined 
that mice lacking Nrl also completely lack rod function but retain cone function. In particular, Nrl 
knockout mice gain S-cone function, a finding supported by immunohistochemistry showing a 
lack of rhodopsin expression and a corresponding gain of S-opsin expression (Mears et al., 2001). 
No other cell types besides photoreceptors are affected by the Nrl knockout. Ectopically expressing 
Nrl under the control of the Crx promoter results in an apparent switch of cone photoreceptors into 
rod photoreceptors as determined by staining with rhodopsin and the cone-specific marker cone 
arrestin (Oh et al., 2007). It should be noted that Nrl is not found in non-mammalian species such 
as the chicken. However, another Maf-family member gene in chick called L-maf or MafA was 
found to be specific to rod photoreceptors in the chick ONL and is sufficient to induce rod 
photoreceptor generation in the Nrl knockout mouse (Kim et al., 2016; Ochi et al., 2004). These 
studies implicate Nrl in a critical decision-making step between rod and cone photoreceptor fates.  
However, it does not act alone to drive cells to the rod photoreceptor fate. Nrl was shown 
to bind to the promoter of another gene, Nr2e3, via electrophoretic mobility shift assays (EMSA) 
and chromatin immunoprecipitation (ChIP). Ectopic expression of Nrl in Nr2e3 knockout mice 
result in the reduction but not the complete loss of cone markers, such as S-opsin and cone arrestin. 
This suggests that the cone suppressing and rod promoting functions of Nrl are mediated through 
Nr2e3.  A luciferase assay further showed that Nrl acts alongside Crx to drive the transcription of 
Nr2e3, indicating that Nrl acts with other factors to promote the rod fate. This demonstrates how 
photoreceptor-related genes such as Crx can work to bias cells towards one photoreceptor fate over 
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another, depending on the other genes expressed (Oh et al., 2008). Nr2e3 was initially reported to 
be rod-specific due to its expression in the rod photoreceptors of the adult monkey, mouse and 
zebrafish. The same study also observed an increase in Nr2e3 expression in the mouse retina during 
the rod development window, from P3-P6 (Chen et al., 2005). However, ISH in the chick retina at 
E6 showed that Nr2e3 transcripts are found in the outer retina during the cone development 
window, indicating this gene may be functioning in both photoreceptor types at different 
developmental time points (Jean-Charles et al., 2018). 
1.5.2 Cone photoreceptors  
 
Efforts to understand the cone photoreceptor fate have also focused on specific gene 
expression.  The gene Thrb (Thyroid Hormone Receptor Beta) has been of interest as it codes for 
the protein TRB2, which is expressed in the outer retina of the chick and becomes more restricted 
to the ONL from E5 to E15 (Sjoberg et al., 1992). It was later shown via Northern blot that the 
TRB2 expression pattern is similar in the mouse, beginning at E14 and peaking at E17. A 
transgenic mouse which replaces an exon specific to TRB2 with a LacZ cassette did not result in 
a loss of photoreceptors but rather a specific loss of M-opsin and precocious expression of S-opsin 
(Ng et al., 2001). An antibody against Thrb was generated and used to show that this gene was 
expressed in two waves – first from E12.5 to P0 with a peak at E17 and later from P2-P10. These 
studies suggested that Thrb was required for the expression of M-opsin, the suppression of S-opsin, 
and that Thrb was involved not only in specifying cone photoreceptors during early development 
but also in specifying the subtype (Ng et al., 2009).  
Another receptor gene, Rxrg, was detected in the developing chick retina via in situ 
hybridization initially at E3.5, very robustly in the central retina at E5 and restricted to the ONL 
by E10. This study is one of the few to make observations in the posthatching chick retina and 
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shows that Rxrg expression is maintained 2 weeks posthatching  (Hoover et al., 1998). Another 
study confirmed through both ISH and immunohistochemistry that Rxrg is present in developing 
mouse photoreceptors at E14.5 but also showed that it was expressed in the GCL. Lack of co-
labelling between Rxrg and mitotic marker PH3 determined that at E16, the Rxrg(+) cells are not 
RPCs. At this time point the majority of mouse photoreceptors are cones and co-labelling with 
cone marker PNA in the adult confirmed that Rxrg labels cones. This study also showed that the 
downregulation of Rxrg coincides with the upregulation of S-opsin in both the mouse and human 
retina and that an Rxrg mutant upregulates S-opsin. The temporal expression of TRB2, which plays 
a role in regulating M- and S-opsin expression, coincides with that of Rxrg but the Rxrg-deficient 
mouse retina did not lose M-opsin expression. The study proposed that both receptor proteins 
function together to regulate S-opsin expression (Roberts et al., 2005), demonstrating how 
combinatorial gene expression can control developmental processes in the retina.  
Recently, the homeodomain family TF Lhx4 was found to be expressed in early developing 
cones in both the mouse and chick retina. In chick, Lhx4 marks cells that also express Otx2 and 
Rxrg at E6. Lhx4 expression overlaps with cone marker RaxL at E10 but not with the rod marker 
MafA. At E14.5 in mouse, equivalent to chick E6, Lhx4(+) cells were observed to co-label with 
Rxrg and Otx2 but the expression of this gene expands to Rxrg(-) cells by E17.5. Lack of co-
labelling with the mitotic marker EdU demonstrated that Lhx4 is a specific marker of postmitotic 
but immature cones in the early developing vertebrate retina. Taking advantage of this enormous 
stride in labelling early postmitotic cones, this study went on to conduct scRNA-seq on mouse 
cones at E14.5 using the Lhx4::GFP transgenic mouse line. The resulting cluster of cells that 
expressed cone-specific genes such as Thrb and Rxrg also yielded transcripts not known to be 
associated with cone photoreceptors. Previously, the photoreceptors of the Nrl mutant mouse 
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demonstrated an apparent fate switch from rods to cone based on molecular markers and defined 
some genes upregulated in these Nrl-deficient photoreceptors to be cone-specific genes. The Lhx4 
study defined many novel cone-specific genes not identified by the Nrl knockout mouse and 
underscored the need to understand cone development directly rather than relying on proxies such 
as photoreceptors deficient for rod genes (Buenaventura et al., 2019).  
Despite the decades of work to characterize genes that distinguish developing and 
immature cones from rods, it is not well understood how the expression patterns of these genes are 
regulated, how a developing retinal cell is directed to the cone photoreceptor fate or how the ratio 































1.6 Horizontal Cells  
 
Horizontal cells receive input from cone and rod photoreceptors, and refine the visual 
signal before providing feedback to photoreceptors and sending this signal forward to bipolar cells 
(Chaya et al., 2017). Horizontal cells are divided into subtypes based on morphology, which 
photoreceptors they contact, and the molecular markers they express. H1 axon-bearing horizontal 
cells interact with rods at their axon terminals and with cones at their dendritic terminals.  In 
contrast, the H2 subtype horizontal cells are considered axon-less and “cone-specialized” (Peichl 
and González-Soriano, 1994; Boije et al., 2016). Some species of vertebrates have been observed 
to have three or four HC subtypes in total.  
In the chick retina, H1 and H2 horizontal cell subtypes are marked by Lim1 and Isl1 
respectively and exist in roughly equal numbers (Edqvist et al., 2008; Fischer et al., 2007). In 
contrast, Lim1(+) H1 horizontal cells are the only subtype found in the mouse retina. Though a 
single HC subtype is also found in gerbil and rat (Peichl and González-Soriano, 1994), this is not 
representative of a typical mammalian retina as the H2 subtype has been reported in many species, 
including other rodents as well as non-human primates (Boije et al., 2016). Specifically, the H2 
subtype has been reported in the cone-dominant ground squirrel retina (West and Dowling, 1975; 
Linberg et al., 1996; Cuenca et al., 2002) and the tree shrew retina (Müller and Peichl, 1993). 
Isl1(+) horizontal cells have also been reported in the human retina (Haverkamp et al., 2003; Lu 
et al., 2020) but all human horizontal cells appear to have axons (Kolb et al., 1994).  
Just as the cone-to-rod photoreceptor ratio is roughly correlated with diurnality or 
nocturnality, the number and subtypes of horizontal cells also appear to have some correlation with 
the cone-to-rod ratio and number of cone subtypes. As cone photoreceptors are required for high 
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visual acuity, cone-dominant retinae tend to be more abundant in horizontal cells and more likely 
to have axon-less H2 subtype cells (Boije et al., 2016).  
Previous studies have worked to define genes involved with HC specification in addition 
to subtype-specific markers such as Lim1 and Isl1. One study, seeking factors in the GRN that 
specifies RGCs, described the expression pattern of the gene Onecut1. In the mouse retina from 
P0-P16, it was observed that Onecut1 is expressed in a population of evenly spaced INL cells. Co-
staining with the known HC markers Lim1 and calbindin confirmed that Onecut1 is expressed in 
HCs. BrdU labelling showed that the gene is also expressed in RPCs during early retinal 
development (Wu et al., 2012). Staining with Lim1, calbindin, and HC marker Prox1 shows that 
knocking out Onecut1 in the mouse retina leads to an 80% decrease of HCs. This demonstrated 
the importance of Onecut1 in generating horizontal cells (Wu et al., 2013). A double knockout of 
Onecut1 and its family member gene Onecut2 leads to a total loss of HCs, indicating that these 
genes work redundantly to specify HCs. Interestingly, this double mutant was also deficient for 
Rxrg(+) cone photoreceptors at E14.5 (Sapkota et al., 2014).  
  Though some of the transcription factors involved in HC development have been 
identified, it is unclear how the molecular pathway of HC fate specification can function to develop 















1.7 Fate restricted retinal progenitor cells  
 
Previous studies of retinal development (detailed in Section 1.2 and Section 1.5) have 
resulted in the understanding that (1) there exist multipotent retinal progenitor cells capable of 
generating multiple cell types and (2) distinct types of retinal cells, whether or not they are 
morphologically mature, can be molecularly distinguished by combinatorial gene expression. 
However, it has also been observed that the developmental expression of particular genes, such as 
Otx2 can bias the RPC to generate one cell type over another. These studies point to the existence 
of molecularly distinct sets of RPCs, as opposed to a uniform pool of multipotent progenitors.  
For example, it has been shown that 60% of the retinal cells marked by the bHLH family 
member Olig2 are RPCs. Both viral lineage tracing and Cre-mediated lineage tracing of this gene 
have shown that in the postnatal mouse retina, this lineage skews towards rod photoreceptors and 
amacrine cells. In the embryonic mouse retina, Olig2(+) RPCs are biased to generate cones and 
horizontal cells. At no time point does this lineage produce RGCs. These observations demonstrate 
that Olig2(+) RPCs, influenced by the temporal expression of other retinal development genes, are 
competent to generate different types of terminally dividing daughter cells (Hafler et al., 2012). 
Another bHLH factor, Ascl1, has been found to label an RPC population that skews heavily 
towards rod photoreceptors and that can generate every class of retinal cell except for RGCs. 
Ascl1(+) cells do not generate RGCs even when co-expressed with Atoh7, known to mark 
developing RGCs. Interestingly, it seems that knocking out Ascl1 does not de-repress the RGC 
fate, but rather that the RGC-related functions of Atoh7 depend on which genes are co-expressed 
(Brzezinski et al., 2011). Some RPCs can therefore be considered “fate-restricted RPCs”, and only 
capable of dividing to give rise to particular cell retinal fates.  
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The expression of the cone gene Thrb in RPCs has been of great interest, as an avenue to 
understand the lineages that give rise to cone photoreceptors. In zebrafish, TRB2 has been linked 
to L-cone photoreceptors. Using live imaging to look for a cone-dedicated RPC by labelling with 
a regulatory element of Thrb, it was found that Thrb marks a retinal lineage that can give rise to 
RGCs, HCs, and L-cone photoreceptors, sometimes over multiple cell divisions (Figure 5) (Suzuki 
et al., 2013). In chick, a more targeted search for a Thrb regulatory element yielded ThrbCRM1, 
an enhancer active in a fate-restricted RPC population that is biased towards cones and horizontal 
cells. It was found that this enhancer is bound by two TFs, Onecut1 and Otx2. Though later in 
development, Onecut1 expression is more specific to HCs and Otx2 expression is specific to 
photoreceptors and bipolar cells, these transiently co-expressed factors label this cone/HC 
restricted lineage in both the chick and mouse retina (Emerson et al., 2013). Lineage tracing using 
the PhiC31 site-specific recombinase confirmed the cone/HC bias of the ThrbCRM1 lineage and 
additionally showed that two other Thrb regulatory elements are specific to different lineages of 
early retinal cell types. The ThrbCRM2 element lineage traces almost exclusively to cone 
photoreceptors. The ThrbICR element lineages traces to cones, HCs, and RGCs, consistent with 

















Figure 5. The Thrb(+) cone/HC/RGC lineage observed in zebrafish. Live imaging (top) 
shows a retinal progenitor cell that divides to generate a retinal ganglion cell (yellow), then 
divides again to generate a HC progenitor (teal), before a final division that generates two 
L-cones (red). The schematic (bottom) shows a model of the observed event from 6:40 to 
20:00, in which a common progenitor generates a dedicated HC progenitor and a dedicated 




This is not to say there are no truly multipotent progenitors in the developing retina. The 
bHLH family member NeuroG2 marks progenitors that are competent to generate every major 
retinal cell type. However, it has been noted that because NeuroG2(+) RPCs only give rise to the 
cell types known to be generated soon after the time point at which the RPC has been marked, it 
is likely that these are terminally dividing RPCs (Brzezinski et al., 2011). Other canonical 
progenitor genes such as Vsx2 and Pax6 also mark multipotent RPCs. Bulk RNA-seq data shows 
that these genes are enriched in a population that lacks expression of restricted RPC genes such as 
Onecut1, Otx2, Thrb, and Olig2, and that the ThrbCRM1(+) population downregulates Vsx2 
(Buenaventura et al., 2018). These observations lead to a model in which a multipotent progenitor 
must first divide to generate fate-restricted RPCs in order to generate the morphological, 
functional, and molecular diversity of cells found in the adult vertebrate retina (Figure 6).  
Despite these advances in characterizing the types of RPCs and their fate potentials, there 
are still significant gaps in our knowledge of how multipotent RPCs give rise to specific types of 
restricted RPCs or how fate-restricted RPCs are molecularly regulated to control the numbers of 
various retinal cell types. Regulatory elements such as ThrbCRM1 or Vsx2ECR4, which is nearly 
exclusive to the Vsx2(+) multipotent population and marks very few cells in the ThrbCRM1(+) 
RPC population (Buenaventura et al., 2018), can be used as tools to understand these molecular 
differences and provide insight into the regulatory network that distinguishes the multipotent RPCs 
from fate-restricted RPCs. However, there remains a substantial amount of work to be done in 







Figure 6. Model of RPC restriction through developmental time. A multipotent RPC can 
divide to give rise to two daughter multipotent RPCs. Alternately, a multipotent RPC can 
generate another multipotent RPC as well as a fate-restricted RPC, which in turn divides to 
give rise to specified cell types. At chick E5 or mouse E13.5, a cone/HC restricted RPC can 
divide to generate cone photoreceptors and horizontal cells. Later in development, closer to 
mouse P0 or chick E10, another fate-restricted RPC can divide to generate rod photoreceptors 





























 Rods  Cones  H1  H2  rRPCs mRPCs 
Otx2 X X   X  
Crx X X     
NeuroD1 X X     
Nrl X      
Nr2e3 X X     
MafA X      
Thrb  X   X  
Rxrg  X     
Lhx4  X     
Prox1   X X   
Lim1    X    
Isl1    X   
Onecut1   X  X  
Olig2     X  
Ascl1     X  
Atoh7     X  
NeuroG2      X 
Vsx2      X 
Pax6      X 
Table 1. Retinal development genes and cell types in which they are expressed. The row 
names indicate retinal development genes mentioned in this section, particularly in chapters 
1.5 – 1.7. The column names indicate the various cell types discussed in those sections. 
“mRPCs” refers to multipotent retinal progenitor cells and “rRPCs” refers to fate-restricted 





1.8 Intent of Thesis 
 
The work in this thesis aims to further characterize the gene regulatory networks leading 
to horizontal cell and cone photoreceptor cell fates during vertebrate retinal development. This 
includes identifying cis-regulatory elements and transcription factors upstream of known 
molecular events during early retinal development, as well as histological and molecular 
comparison of a developing cone-dominant and rod-dominant retina (Figure 3).  
The focus of Part I is the identification and characterization of cis-regulatory elements 
upstream of Onecut1 expression in the ThrbCRM1(+) restricted RPC. The upstream gene 
regulatory events that lead to the transcriptomic differences between this cone/HC restricted RPC 
and the multipotent RPC population could provide insight into how this poorly understood 
transition is mediated. Using two methods to identify putative regulatory elements, followed by 
reporter assays to determine their spatial and temporal activity, I concluded that two particular 
enhancers are capable of driving reporter expression specifically in the ThrbCRM1(+) developing 
cell population. These two enhancers, referred to as ECR9 and ECR65, were then characterized 
by deletion analysis as well as bioinformatically to isolate sub-regions important for regulatory 
activity. After identification of putative bHLH TF binding sites within both sequences, I 
individually overexpressed five bHLHs known to function in retinal development and observed 
selective responses from ECR9 and ECR65. I was able to show that although only some of these 
are able to induce a change in the expression of a retinal development TF, these factors interact 
with ECR9 and ECR65 in the GRN that gives rise to cones and HCs. Overall, this work contributes 
to the understanding of how a pool of multipotent progenitors can give rise to multiple diverse 
retinal cell types. 
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The work described in Part II is a comparison of retinal development events in the mouse 
and the thirteen-lined ground squirrel, representing a nocturnal and diurnal mammal respectively. 
Studying the development of a rodent retina with a cone:rod ratio that varies from the well-
characterized mouse retina is one avenue that allows us to understand how cells choose between 
multiple possible fates. I used immunohistochemistry to generate a timeline of ground squirrel 
retinal development. The time points of the developing squirrel retina were analyzed against 
comparable time points in the developing mouse retina. Next, ATAC-seq libraries from multiple 
mouse and squirrel retinal time points were collected and analyzed using a peak-caller to determine 
which chromatin regions correlate with the developmental changes observed from the tissue and 
immunohistochemistry. Multiple differentially accessible chromatin regions were identified. 
These elements can be studied further to characterize their function and investigate their 
differential accessibility in the mouse and squirrel retinae. Through the comparative study of 
retinal cell fate choice and differentiation in nocturnal and diurnal mammalian retinae, this work 




















Part I: Cis-regulatory analysis of Onecut1 expression in fate-
restricted retinal progenitor cells 
 
2. Introduction  
 
The vertebrate retina is comprised of six main classes of neuronal cells and one class of 
glial cells, organized into three discrete nuclear layers and two plexiform layers. These 
morphologically and functionally diverse cells have been characterized in multiple vertebrate 
species to originate from multipotent retinal progenitor cells (RPCs) (Turner and Cepko, 1987; 
Fekete et al., 1994). The vertebrate retina is therefore a valuable model to study neuronal cell fate 
choice. The process of retinal development is highly conserved throughout the vertebrate 
subphylum, with regards to the birth order of the various cell types (Young, 1985; Wong and 
Rapaport, 2009) and the developmental regulatory networks involved. However, the gene 
regulatory networks (GRNs) that mediate the generation of specific restricted RPCs from 
multipotent RPCs are largely unknown, as are the networks that function in restricted RPCs to 
define their fate potential. 
One restricted RPC type, described in Chapter 1.7, that has been identified across zebrafish, 
chick, and mouse models preferentially generates cones and horizontal cells (HCs) and has been 
identified in zebrafish and chick through regulatory elements associated with the Thrb and Olig2 
genes (Emerson et al., 2013; Hafler et al., 2012; Suzuki et al., 2013). For example, analysis in 
zebrafish and mouse RPCs showed that the same RPC can give rise to both cone and horizontal 
cell precursor cells (Hafler et al., 2012; Suzuki et al., 2013). Endogenous Thrb expression has been 
observed in Otx2-expressing early RPCs in the chick, suggesting that reporters driven by 
regulatory elements correspond to in vivo regulatory events in the retina (Trimarchi et al., 2008). 
While Otx2 expression is involved in multiple cell fates during retinal development, it has been 
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shown that the combination of Otx2 and Onecut1 activates ThrbCRM1, which is a specific Thrb 
cis-regulatory element (CRE) active in cone/HC restricted RPCs (RPC[CH]) (Emerson et al., 
2013). Loss-of-function mutations in Otx2 and Onecut1 affect early cone gene expression, cone 
number, cone type, and horizontal cell genesis (Nishida et al., 2003; Sapkota et al., 2014; Wu et 
al., 2013), suggesting that these transcription factors (TFs) are critical in the gene regulatory 
networks of ThrbCRM1 restricted RPCs. 
The population of restricted RPCs marked by ThrbCRM1 have been shown to be 
molecularly distinct from multipotent RPCs. ThrbCRM1(+) RPCs downregulate multipotent RPC 
genes such as Vsx2 while Onecut1 is upregulated (Buenaventura et al., 2018). Onecut1 expression 
is further upregulated in the HC progeny of these cells but is downregulated in the cone 
photoreceptor progeny. However, it is not known how Onecut1 expression is activated in the 
ThrbCRM1 RPC population or what distinguishes it from other Onecut1(+) cell populations.  
The regulatory module that connects Otx2 and Onecut1 to Thrb expression demonstrates 
the importance of both cis- and trans- regulatory elements in directing retinal cell fate. Cell fate 
specification and fate restriction require the combinatorial expression of multiple developmental 
transcription factors. As such, cell-type specific cis-regulatory elements can define the 
intermediate/restricted RPCs that may be difficult to identify through only the transient expression 
of developmental transcription factors that are often involved in the specification of multiple 
retinal cell types. These regulatory elements can be used to facilitate imaging, lineage tracing, and 
molecular analysis, while also providing insights into the relationships between RPC populations.  
We sought to identify the cis-regulatory elements upstream of Onecut1 expression in 
cone/HC restricted RPCs and to determine the transcription factors that occupy these elements. To 
this end, we conducted a multi-step screen to identify Onecut1-associated non-coding DNA 
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elements capable of driving reporter transcription in early retinal RPCs that give rise to cones and 
horizontal cells in the early embryonic chick retina. The candidate regulatory elements that 
emerged from the screen were then bioinformatically analyzed for transcription factor binding 
sites. Mutational analyses facilitated the functional evaluation of these predicted TF binding sites 
and overexpression experiments were used to determine the relationship between the predicted 
transcription factors and Onecut1 expression. We identified two regulatory elements, ECR9 and 
ECR65, upstream of the Onecut1 coding region. These both contain predicted binding sites for 
bHLH transcription factors, which are known to be functionally important for retinal development. 
We show that both of these elements require the predicted bHLH binding sites for their activity 
and that each element responds to distinct bHLH factors, the transcripts of which are enriched or 
present in the ThrbCRM1 population. Finally, we show that NeuroD1, NeuroG2, and NeuroD4 
are sufficient to induce expression of Otx2 and that all four TFs including Nhlh1 are able to induce 
the activity of their corresponding regulatory elements in Vsx2(+) multipotent RPCs.  Ultimately, 
this work further clarifies components of the gene regulatory network leading to the early retinal 




















3. Results  
 
3.1 Regulatory Element Identification   
 
 Two methods were employed to identify candidate cis-regulatory elements for Onecut1 
(Figure 1.1A,B). We first examined the intergenic region 5’ of the chicken Onecut1 coding region 
and 3’ of WDR72, as well as a short stretch of the intergenic region 3’ of the Onecut1 coding 
region for evolutionarily conserved regions (ECRs). As not all cis-regulatory sequences are 
strongly conserved and as ECRBrowser (Ovcharenko et al., 2004) utilizes an older chick genome 
assembly, we also used chromatin accessibility as a means of candidate enhancer identification. 
Chick E5 retinae were electroporated with ThrbCRM1::GFP and UbiqC::TdT, cultured for 18-22 
hours ex vivo and sorted into two populations: ThrbCRM1(+) cells, which were marked by both 
reporters and ThrbCRM1(-), which were marked by only TdT. These cells were then processed 
for ATAC-seq (Buenrostro et al., 2013), aligned against the galGal5 assembly and the data was 
visualized in the UCSC Genome Browser (Kent et al., 2002) to identify accessible chromatin 
regions (ACRs) as potential cis-regulatory elements. These ATAC-seq libraries enabled the 
identification of chromatin regions with higher accessibility within the ThrbCRM1(+) population 
but many of the elements identified by conservation were accessible in both populations. Due to 
the possibility that enhancers may be in an “active” state in the ThrbCRM1(+) population as 
opposed an inactive but “primed” state (Bozek and Gompel, 2020; Shlyueva et al., 2014) within 
the ThrbCRM1(-) population, these regions remained candidates. In total, we screened 98 ECRs 
and ACRs that were found in the Onecut1 region that encompassed the last intronic region of the 
WDR72 gene located upstream of Onecut1 and the Fam214a gene located downstream of Onecut1 
(Figure 1.2, Table 2) for their ability to drive reporter activity in the developing retina.   
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The first criterion of our screen was that the non-coding elements should be capable of 
driving reporter expression at E5 in the chick retina. To this end, we used a sensitive alkaline 
phosphatase (AP) reporter assay. Each potential cis-regulatory region was amplified from chick 
genomic DNA and cloned into Stagia3 (Billings et al., 2010), a dual GFP and AP reporter vector. 
Retinae at E5 (HH26) were electroporated with the reporter construct along with CAG::mCherry 
as the co-electroporation control. These retinae were cultured for approximately 18-22h and then 
fixed before the AP stain was developed. AP reporter expression is visualized as a dark stain which 
can block out the fluorescence from the mCherry control in the case of very strong enhancers.  
Previously identified Thrb reporters served as positive controls as they are known to be 
active in the E5 chick retina (Emerson et. al., 2013).  The empty Stagia3 vector served as the 
negative control to demonstrate the baseline levels of transcription when no cis-regulatory element 
is present. At this time point, the majority of the candidate sequences tested did not drive reporter 
expression above the baseline level defined by the negative control. The active elements that were 
initially chosen based on evolutionary conservation were largely found to have open chromatin 
states in the within the ATAC-Seq datasets. All active cis-regulatory elements (Figure 1.1C, Figure 
1.3) were categorized as weak, moderate, or strong (Figure 1.1B) based on the intensity of AP 








Figure 1.1 Identification and initial screening for regulatory elements active in E5 chick retinae. (A) 
Generation of ATAC-seq libraries of ThrbCRM1-positive and ThrbCRM1-negative cell populations. Chick 
retinae at embryonic day 5 (E5) were electroporated ex vivo with both ThrbCRM1::GFP and UbiqC::TdT 
plasmids and incubated in culture for 18-22 hours prior to dissociation.  Dissociated cells were sorted via FACS 
into GFP and TdT double-positive cells, and GFP-negative, TdT-positive cells. Each population was processed 
for ATAC-seq. (B) Visualization of aligned ATAC-seq reads to the galGal5 genome in UCSC Genome Browser 
in intergenic region between Onecut1 and WDR72 (labelled). Active regulatory elements represented by colored, 
labelled lines based on activity level from alkaline phosphatase assay (C) Alkaline phosphatase reporter assay to 
screen for regulatory activity. E5 chick retinae were electroporated with CRE::AP plasmids and CAG::mCherry 
plasmids. Empty Stagia3 vector (No Enhancer) represents the negative control. Dotted boxed region corresponds 
































































































Figure 1.2  Genomic map of potential regulatory elements identified near Onecut1 gene locus, divided 
into two panels. Coding regions of Onecut1 and WDR72 from multiple species are marked by blue bars. 
The 5’ most transcriptional start site for Fam214a begins in the ACR10 region, as determined by 
examination of previous retinal transcriptome datasets (Buenaventura et al, 2018), and Fam214a transcripts 
extend to the right. Yellow bars and lines at the bottom indicate sequence conservation between chick and 
mouse (mm10 assembly) genomes. Chromatin accessibility reads from the ThrbCRM1-positive population 
are shown in teal, reads from the ThrbCRM1-negative cell population are shown in magenta. Peaks in 
magenta may be cut off as the data was scaled to optimally visualize the ThrbCRM1 chromatin accessibility. 







Table 2 – ID and genomic coordinates of all tested sequences. Coordinates are from the 
galGal5 chick genome assembly, with the exception of ECR9, which is from the mm10 
mouse genome assembly 
 
Enhancer Genomic Location Enhancer Genomic Location 
ECR1 chr10: 8663469-8664114 ECR34 chr10: 8552380-8552892 
ACR1  chr10: 8385494-8386148 ECR35 chr10: 8545908-8546480 
ECR2 chr10: 8655229-8657051 ECR36 chr10: 8542616-8545100 
ACR2  chr10: 8384185-8385075 ECR37 chr10: 8539165-8539457 
ECR_X chr10: 8650489-8651719 ECR38 chr10: 8535862-8536250 
ACR3  chr10: 8375625-8376231 ECR39 chr10: 8535401-8535717 
ACR4  chr10: 8514487-8515384 ECR40 chr10: 8531924-8532238 
ECR5 chr10: 8636448-8636927 ECR41 chr10: 8531318-8531625 
ACR5  chr10: 8512198-8513015 ECR42 chr10: 8528440-8528938 
5adj chr10: 8637057-8637759 ECR43 chr10: 8526952-8526952 
ECR6 chr10: 8635344-8635535 ECR44 chr10: 8521966-8522213 
ACR6 chr10: 8492309-8492485 ECR45 chr10: 8521266-8522058 
ECR7 chr10: 8634455-8634704 ECR46 chr10: 8515926-8516305 
ACR7 chr10: 8450103-8450313 ECR47 chr10: 8507915-8508786 
ECR8 chr10: 8632688-8633007 ECR48 chr10: 8505975-8506397 
ACR8 chr10: 8394607-8395238 ECR49 chr10: 8501851-8502327 
ECR9 chr9:74846723-74847170 49adj chr10: 8502221-8502639 
ACR9 chr10: 8393675-8394030 ECR50 chr10: 8500530-8501106 
ECR10 chr10: 8631067-8631367 ECR51 chr10: 8495478-8496218 
ACR10.A chr10:8675208-8675805 ECR52 chr10: 8490472-8490869 
ACR10.B chr10:8675786-8676296 ECR53 chr10: 8489091-8489919 
ACR10.C chr10:8676249-8676699 ECR54 chr10: 8486341-8486607 
ACR10.D chr10:8676652-8677308 ECR55 chr10: 8481081-8481361 
ECR11 chr10: 8625901-8626415 ECR56 chr10: 8480144-8480410 
ACR11 chr10: 8642720-8643265 ECR57 chr10: 8479342-8479641 
11adj chr10: 8624685-8625065 ECR58 chr10: 8478198-8478383 
ECR_A chr10: 8622011-8622605 ECR59 chr10: 8476275-8476779 
ECR12 chr10: 8616893-8617477 ECR60 chr10: 8472598-8472844 
12adj chr10: 8615429-8616540 ECR61 chr10: 8469909-8470514 
ECR14 chr10: 8612329-8612808 ECR62 chr10: 8459873-8460361 
14adj chr10: 8613306-8615161 ECR63 chr10: 8457431-8457602 
ECR15 chr10: 8607507-8609556 ECR64 chr10: 8453886-8454273 
ECR17 chr10: 8604723-8605057 ECR65 chr10: 8450796-8451312 
ECR18 chr10: 8602677-8603712 ECR66 chr10: 8447307-8447542 
ECR19 chr10: 8599411-8599875 66adj chr10: 8446729-8447361 
ECR20 chr10: 8595596-8596293 ECR67 chr10: 8444225-8444787 
ECR21 chr10: 8594202-8594551 ECR68 chr10: 8442354-8442820 
ECR22 chr10: 8593808-8594297 ECR69 chr10: 8436831-8437103 
ECR24 chr10: 8584888-8585254 ECR70 chr10: 8432829-8433099 
ECR25 chr10: 8584888-8585254 70adj chr10: 8433359-8433724 
ECR26 chr10: 8576532-8577086 ECR71 chr10: 8427766-8428649 
ECR27 chr10: 8576893-8577385 ECR72 chr10: 8422264-8422774 
ECR28 chr10: 8577272-8577677 ECR73 chr10: 8421785-8422274 
ECR29 chr10: 8569146-8569350 ECR74 chr10: 8419319-8420332 
ECR30 chr10: 8567124-8567852 ECR75 chr10: 8414515-8414968 
ECR31 chr10: 8563261-8563496 ECR76 chr10: 8412870-8413389 
ECR32 chr10: 8563261-8563496 ECR77 chr10: 8406698-8407162 





Figure 1.3 Regulatory elements active in E5 chick retinae. E5 chick retinae electroporated 
with Enhancer::AP plasmids and CAG:: mCherry plasmids and cultured for 1 day prior to 
alkaline phosphatase assay. Shown are the AP reporter signal on top and the mCherry signal 
on bottom. Insets in AP panels show zoomed in areas of reporter activity. Scale bar in last panel 
represents 500 µm and applies to all. 
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3.2  Regulatory Activity within cone/HC restricted RPC population   
 
The second criterion of the screen was specificity to the population of fate-restricted early 
retinal RPCs that express Onecut1. The ThrbCRM1 element is active in the cone/HC restricted 
RPC population that expresses Onecut1 and Otx2 (Emerson et al., 2013). It has been previously 
reported that at 20 hours post-electroporation, 30% of ThrbCRM1(+) cells are in S-phase or G2/M 
(Buenaventura et al., 2018). Therefore, to determine which active elements drove transcription in 
the same restricted RPC population, we co-electroporated the CRE::GFP reporter constructs with 
a ThrbCRM1::AU1 reporter into the chick retina at E5 and cultured overnight for approximately 
20 hours. Retinal sections were stained for AU1 and GFP and qualitatively evaluated with regards 
to the specificity of each active enhancer to the Onecut1(+) restricted RPC population marked by 
the AU1 reporter (Figure 1.4, Figure 1.5).  
Many of the active CREs drove reporter expression in both the ThrbCRM1(+) and 
ThrbCRM1(-) populations, such as ECR42, ECR46 and ACR10-C (Figure 1.5). ACR10-B (Figure 
1.5) activity appears to be distributed throughout the retina with no specific preference for 
ThrbCRM1(+) cells. Though the populations marked by these CREs overlap with our population 
of interest, they do not meet the criterion for specificity. Despite driving robust reporter expression 
in E5 chick retinae, ACR8 and ACR10-A (Figure 1.4, Figure 1.5) appear biased towards 
ThrbCRM1(-) cells. It is difficult to assess the specificity ECR26, ECR29, and ECR35 to the 
ThrbCRM1 RPC population due to the weak activity of these enhancers (Figure 1.3, Figure 1.5).  
ACR2 does not exhibit activity in many cells, but most observed ACR2-positive cells are 
ThrbCRM1-positive (Figure 1.4). ECR65 appears to be highly active in ThrbCRM1-positive cells 
and was qualitatively the most specific enhancer to the ThrbCRM1 population. Likewise, ECR9 
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activity is highly biased to the ThrbCRM1(+) RPC population but drives reporter activity in some 
ThrbCRM1(-) cells.  
This assay indicates that the active enhancers display a wide range in specificity to the 
ThrbCRM1(+) cell population (Figure 1.4A, Figure 1.5). ECR65, ECR9 and ACR2 are the most 
promising candidates for a regulatory element that contains the regulatory information sufficient 
to promote Onecut1 expression in RPC[CH]s. ECR9 and ECR65 were further assessed for 
specificity to this restricted RPC cell population as they demonstrated more robust reporter 
expression than ACR2.  
To quantify the specificity of each enhancer to the Onecut1(+) restricted RPCs, E5 chick 
retinae were electroporated with ECR9:: or ECR65::GFP reporters, ThrbCRM1::AU1, and a co-
electroporation control. It was observed that 56.31% of ECR9(+) cells and 81.67% of ECR65(+) 
cells were also marked by ThrbCRM1 (Figure 1.4A). As further confirmation that Onecut1 is 
expressed in the populations marked by these two enhancers, we observed that 49.85% of ECR9(+) 
cells and 84.17% of ECR65(+) cells express Onecut1 (Figure 1.4B). However, the ThrbCRM1(+) 
cell population does not consist of only RPCs. To determine the extent to which each enhancer 
was active in RPCs, E5 chick retinae electroporated with enhancer::GFP constructs were pulsed 
with EdU for one hour prior to harvest. Approximately 30% of ECR9(+) and ECR65(+) cells are 
marked by EdU (Figure 1.4C), which is comparable to the proportion of EdU(+) cells within the 
ThrbCRM1 cell population (Buenaventura et al., 2018). Overall, these data provide evidence that 





















































Figure 1.4 Candidate enhancers ECR9 and ECR65 demonstrate specificity to ThrbCRM1(+) 
population and overlap with mitotic progenitors.  (A) Overlap between enhancer::GFP expression (cyan) 
and ThrbCRM1::AU1 expression (magenta) 18-22 hours after electroporation. DAPI is shown in the last 
column. Electroporated retina is found above the dotted line. Quantification of ThrbCRM1 reporter(+) cells 
in ECR9::GFP and ECR65::GFP cells. Percentages of ThrbCRM1(+) cells were calculated from a flow 
cytometry assay in which retinae were electroporated with ECR9::GFP or ECR65::GFP and ThrbCRM1::TdT 
and the number of GFP/ TdT double-positive cells out of the total GFP(+) population was calculated. 















































Continued from page 38. (B) Overlap of endogenous Onecut1 expression (magenta) with ECR9::GFP 
and ECR65::GFP (cyan) 18-22 hours after electroporation. Yellow arrows indicate cells that are GFP(+) 
and Onecut1(+). Scale bar in inset represents 25 um and applies to all insets.  Percentages of Onecut1(+) 
cells were calculated by determining the number of Onecut1(+) and GFP(+) double-positive cells out of 
all enhancer::GFP(+) cells. (C) Overlap of 1 hour EdU-pulsed cells with ECR9::GFP and ECR65::GFP 
(cyan) 18-22 hours after electroporation. Yellow arrows indicate cells that are GFP(+) and EdU(+). Scale 
bar in inset represents 25 um and applies to all insets. Percentages of EdU(+) cells were calculated from 
confocal images by determining the number of EdU and enhancer::GFP double-positive cells out of all 
enhancer::GFP-positive cells. Each point represents a biological replicate with data collected from two 






































Figure 1.5 Overlap between 
ThrbCRM1 activity and activity of 
eleven candidate enhancers. E5 chick 
retinae were electroporated with 
enhancer::GFP (cyan) constructs as 
well as ThrbCRM1::AU1 (magenta) 
constructs and cultured for 18-22 hours 
prior to antibody staining with GFP, 
AU1 and DAPI (nuclei) to determine 
which enhancers marked the same cell 
population as ThrbCRM1. Scale bar in 
last panel represents 50 µm and applies 




3.3 History of ECR9 and ECR65 activity in early-born retinal cell types 
 
To further test if these regulatory elements label RPCs which produce cells with the same 
fates that develop from the ThrbCRM1(+) RPC population, we used a PhiC31 lineage tracing 
system. In this system, a cis-regulatory element is used to drive the expression of PhiC31, which 
can activate a GFP responder vector through site-specific recombination to label cells with a 
history of cis-regulatory activity (Schick et al., 2019). We combined this lineage trace system with 
immunohistochemistry and cell-specific markers to determine which cell types develop from RPCs 
marked by ECR65 and ECR9 (Figure 1.6). For comparison, and to demonstrate that not every 
active regulatory element lineage-traces to the same populations at this time point, we also lineage 
traced ACR2 and ECR42 (Figure 1.7).  
It was observed that approximately 40% and 5.5% of ECR9 lineage-traced cells were cone 
photoreceptor (Visinin) and horizontal cell (Lim1) fates, respectively (Figure 1.6B). However, not 
all ECR9 lineage-traced cells correspond to one of these two cells types. Some cells in the ECR9 
lineage exhibit long axonal projections which appear to originate from GFP-positive cells in the 
innermost retina (Figure 1.6A), suggesting that ECR9 is active at some point in the formation of 
retinal ganglion cells (RGCs). 4.37% of all GFP(+) cells were positive for pan-Brn3 (Figure 1.6B), 
suggesting the presence of RGCs arising from ECR9(+) cells. This may indicate that ECR9 
participates in the gene regulatory network responsible for generating cones, HCs, and RGCs. It is 
worth noting that the ThrbCRM1 lineage-trace also includes a similar percentage of pan-Brn3(+) 
cells as ECR9, despite the lack of inner retinal projections seen with ThrbCRM1 and previous in 
ovo lineage tracing of ThrbCRM1 that detected only a small number of RGCs (Schick et al., 2019). 
This is potentially due to the antibody’s specificity – it may not mark all Brn3(+) RGC populations 
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or it may be marking cells outside of the target population, including other inner retinal cells such 
as horizontal or amacrine cells.  
Under the same experimental conditions, ECR65::PhiC31 marked overall fewer cells. 
However, the cell types with a history of ECR65 appeared biased towards the outer retina (Figure 
1.6A). 63.3% of GFP-positive cells were also marked by Visinin (Figure 1.6B), confirming that 
ECR65-positive RPCs are capable of giving rise to cone photoreceptors. Surprisingly, very few 
ECR65-positive cells are marked by Lim1 despite the clear presence of GFP in inner retinal cells 
(Figure 1.6A) and reported data that the ThrbCRM1 population gives rise preferentially to Lim1-
positive HCs (Schick et al., 2019). To determine whether these cells may be RGCs or Isl1-positive 
HCs, we stained with pan-Brn3 and Isl1. There were few pan-Brn3(+) GFP(+) cells. However, 
5.9% of all GFP-positive cells were marked by Isl1. Lineage tracing of ThrbCRM1 yields similar 
results, with 6.16% of GFP(+) cells also positive for Isl1 (Figure 1.6B). In addition to RGCs and 
HCs, Isl1 has been reported to mark cholinergic amacrine cells (ACs) in the chick retina (Edqvist 
et al., 2006). Though the ECR65 lineage is expected to be similar to that of ThrbCRM1, which 
does not include ACs, we cannot rule out that some of the Isl1+ cells in the ECR65 lineage are 
ACs (Schick et al., 2019).  
ACR 2 does not lineage trace to very many cells but is nearly exclusive to the outer retinal 
cells marked by Visinin, indicating that ACR2’s role in retinal development is specific to 
photoreceptors, which are predicted to be cones at this timepoint. The lineage tracing of ECR42 
illustrates that this enhancer’s activity is not limited to the cone and horizontal cell fates and marks 
a much broader RPC population, as evidenced by the pan-retinal distribution of cells with a history 
of this regulatory element (Figure 1.7).  
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At the conclusion of our screen, eighteen active regulatory elements were identified in the 
retina, two of which drove GFP reporter expression in a spatial pattern that excluded 
ThrbCRM1(+) cells. ACR 10.B was found to drive expression non-specifically throughout the 
retina and three elements, ECR 26; ECR 29; and ECR 35, drove expression too weakly to 
determine their specificity. ECR 22 was found to mark a population that excludes cone 
photoreceptors (Gonzalez and Schick et. al., in preparation). ACR2, ECR9, and ECR65 best met 
the criteria for our screen. These elements are either specific or strongly biased to the 
ThrbCRM1(+) population, mark early retinal RPC cells expressing Onecut1, and are active in cells 
that give rise to three early retinal fates: cone photoreceptors; horizontal cells; and RGCs. As the 
lineage marked by ACR2 is largely specific only to a smaller population of cone photoreceptors, 















Figure 1.6 ECR65(+) and ECR9(+) cells lineage trace to similar cell fates as ThrbCRM1(+) 
population. (A) E5 chick retinas were electroporated with enhancer::PhiC31 constructs and 
CAG::Bgal as an electroporation control before two days of tissue culture followed by harvest 
and immunohistochemistry. Retinal sections were stained with GFP, Bgal, and DAPI. (B) 
Markers of early retinal cell types within lineage traced populations. Sections were stained with 
the markers Isl1, Visinin, Lim1, and pan-Brn3. Percentages of cells marked by these factors 
were calculated out of the total number of electroporated Bgal(+) cells per retinal section. Each 























































Figure 1.7  Lineage tracing of regulatory elements reveals range in specificity.  
ACR2::PhiC31 and ECR42::PhiC31 were electroporated into E5 chick retinae with a PhiC31 
GFP responder plasmid and CAG::Bgal and cultured for two days before harvest and staining 
with GFP to label cells with a history of PhiC31 expression and Bgal to label all electroporated 





























3.4 Bioinformatic analysis of regulatory element sequences 
 
Though reporter assays indicate that ECR65 and ECR9 drive transcription in the 
ThrbCRM1(+) population during the cone and HC specification windows in the chick retina, we 
do not know what role these regulatory elements play in the GRN that gives rise to cone 
photoreceptors and horizontal cells.  
To determine which transcription factors bind to ECR65 and ECR9, we first attempted to 
identify conserved motifs present within the sequence. We used UCSC Blat (Kent, 2002) to find 
homologous sequences to the originally identified chick ECR 65 sequence from the golden eagle, 
barn owl, American alligator, thirteen-lined ground squirrel, northern treeshrew, chimpanzee, and 
human. ECR 65 is well-conserved among all of the avian species as well as the American alligator 
and is conserved between avians and mammals.  
When searching for the 515 bp chick sequence in the mouse genome, UCSC BLAT 
returned a 214 bp homologous stretch (Figure 1.8A). This 214 bp mouse sequence contained a 58 
bp stretch that did not align to the chick sequence. In contrast with chick ECR 65, which is wholly 
located within accessible chromatin, only 150 bp of the homologous mouse sequence are in 
accessible chromatin region. The accessible chromatin extends past the homologous sequence. 
Mouse ECR65 (mECR65), as defined by chromatin accessibility, is 295 bp long (Figure 1.8A). In 
summary, ECR65 demonstrated both a large sequence divergence and an apparent shift in 
chromatin accessibility between avian and mammalian species.   
To assay this 295 bp mECR65 element for activity, we cloned it into the Stagia3 vector. 
When mECR65::GFP was electroporated into the chick retina at E5 along with ThrbCRM1::AU1, 
mECR65(+) cells were observed in the ThrbCRM1 population, which suggests that despite the 
sequence divergence, mECR65 has retained the regulatory information for activity in these cells 
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(Figure 1.8B). MEME motif analysis (Bailey and Elkan, 1994) of the various species-specific ECR 
65 sequences revealed that three motifs appeared conserved between avian and mammalian 
species. It is therefore likely the TF binding sites important for ECR65 activity are within the 
conserved Motifs 1, 5, and 2 (Figure 1.8A, Figure 1.9C).  
The ECR9 sequence is within accessible chromatin in both chick and mouse early retinal 
cells. The ECR9 sequence used was cloned out of the mouse genome and as seen above, is able to 
drive transcription of a reporter in chick retinal cells during the peak of cone and horizontal cell 
development. Though the sequence tested is over 400bp long, only a ~270 bp span is conserved 
between mouse and chick. Motif analysis of this enhancer through MEME returns seven motifs, 

























Figure 1.8 Conservation of sequence, chromatin state and function of ECR65.  
 (A) The entirety of chick ECR65 (purple bar) aligns to open chromatin in the chick genome. The 
homologous mouse sequence (grey bar with red lines) only partly aligns to the open chromatin region 
in the mouse. Mouse ECR65 (long black bar) is a longer region of open chromatin. Regions 2 and 6 
(small labelled black bars) are conserved between both Mouse ECR65 and Chick ECR65. Insets show 
zoomed out genomic area to include surrounding closed chromatin. (B) Mouse ECR65::GFP was 
electroporated into  E5 chick retina along with ThrbCRM1::AU1 and cultured for 18-22 hours before 
harvest and immunohistochemistry. Retinae were stained for GFP, AU1 and DAPI to examine 
overlap between GFP and AU1. Scale bar shown in last panel represents 50 µm and applies to all. 
(C) Chromatin accessibility at the ECR9 region in the mouse E12.5 retina. The thick black bar depicts 
the mouse ECR9 region, the grey bars represent the regions of homology to the chicken, and the thin 
black bars represent motifs identified in the mouse ECR9 sequence. 
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3.5 Deletions and mutations of regulatory element sequences  
 
To take an unbiased approach to determine which regions of ECR 65 are functional, five 
serial deletions of the chick ECR 65 sequence were tested for their ability to drive reporter activity 
(Figure 1.9A, Figure 1.10). The full-length/wild type version of ECR65 driving TdTomato was 
compared against the truncated versions driving GFP using flow cytometry. To ensure that any 
observed effects were not due to changes in the proximity between TF binding sites and the TATA 
box, all deletions were oriented such that the distance of all remaining sequence to the TATA box 
was preserved. These deletion constructs were compared to the full-length enhancer in the same 
orientation. To determine the effect of each deletion, we calculated the percent of GFP(+) cells 
relative to the amount of TdT(+) cells. WT ECR65::GFP marks about 56-65% as many cells as 
WT ECR65::TdT (Figure 1.11A). When these control values were normalized to 100%, ECR65 
Deletions 1-3 respectively marked 33.62%, 42.05% and 8.2% as many cells as the control WT 
ECR65::GFP (Figure 1.9A). When deletions were made on the other end of the regulatory element, 
GFP driven by ECR65 Deletion 4 or Deletion 5 respectively marks 10.82% and 5.68% as many 
cells as WT ECR65. Region 4 also encompasses MEME-predicted Motif 2. The severe loss of 
GFP expression upon deleting the 80 bp Region 4 suggests that Region 4 of ECR65 contributes 
significantly to the activity of this regulatory element.  
ECR65 Motif 2 within Region 4 contains a potential binding site for a bHLH transcription 
factor. bHLH binding sites, known as E-boxes, typically follow the sequence CANNTG. Mutation 
of this potential E-box sequence resulted in a significant loss of enhancer activity (Figure 1.9C, 
Figure 1.10, Figure 1.11). This result suggests that the functional sequence within Region 4 may 
be this 6 bp motif, predicted by TOMTOM (Gupta et al., 2007) to bind the transcription factor 
NHLH1/NSCL1. Another mutation within Region 4 encompassing a predicted homeobox TF 
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binding site resulted in some loss of GFP reporter activity (Figure 1.9C, Figure 1.11E). The 
identification of these predicted TF binding sites and the resulting loss of transcriptional output 
does not rule out the presence of other functionally important binding sites in ECR65 Regions 1-
3, particularly considering the substantial loss of activity from Deletion 3.  
A similar deletion strategy was used to investigate ECR9. First, deletion constructs were 
tested in which the ECR9 sequences on either side of the MEME-identified motifs, labelled as 
Region 1 and Region 3, were removed. Additional deletion constructs removed four of the 
identified motifs, labelled as Regions 2, 4, 5, and 6 (Figure 1.9B, Figure 1.10). As a control, we 
calculated the percent of GFP(+) cells relative to the amount of TdT(+) cells marked by full length 
versions of ECR9 (Figure 1.11C). Once again, we ensured that deletions were orientated away 
from the TATA box and compared only to full-length ECR9 of the same orientation. Deletions of 
Region 3, Region 4, and Region 5 did not result in a significant change to ECR9 activity. However, 
deletions of Region 1, Region 2, and Region 6 all resulted in a decrease of ECR9 activity as 
compared to the full-length enhancer. Examination of the sequence for putative TF binding sites 
led to four predicted bHLH sites (Figure 1.9D, Figure 1.10). Site 1 and Site 2 are located in Region 
1 and Region 6, respectively. Sites 3 and 4 are both located within Region 4.  We hypothesized 
that if any of these sites were important for ECR9 function, mutation of one or more of them 
directly would result in a change in reporter expression. Mutating Site 3, located within Region 4, 
resulted in nearly a 300% increase in ECR9 activity whereas mutating Site 4 within the same 
region resulted in a 97.5% loss of ECR9 activity (Figure 1.9D, Figure 1.10, Figure 1.11F). The 
opposing effects observed from mutating these two sites indicate that while Site 4 normally 
functions as a transcriptional activator site, it is likely that Site 3 functions as a repressor. The lack 
of effect from ECR9 Deletion 4 may then be due to the loss of both of an activator and a repressor 
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that function together to generate the correct transcriptional output from ECR9. However, it is also 
indicative that the remaining bHLH sites within ECR9 may be able to compensate for the loss of 
both Site 3 and Site 4. The loss of reporter output from Deletion 6, in which bHLH Site 2, Site 3, 





















Figure 1.9 Deletions and mutations reveal sites important for regulatory activity. E5 
chick retinae were electroporated with full length (A) ECR65  or (B) ECR9 driving TdT along 
truncated or mutated versions of the enhancers and CAG::IRFP as a co-electroporation control. 
Retinae were cultured for 18-22 hours before dissociation and analysis by flow cytometry.  
Labelled blocks in (A) and (B) represent the enhancer constructs labelled along the Y-axis. 
Grey blocks in (C) and (D) denote putative TF binding sites. Deleted versions of enhancers 
were oriented in the expression vector such that the truncated end is farther from the TATA 
box. Percent of enhancer activity was calculated as a ratio between the total GFP(+) cells and 
the total TdT(+) cells and scaled to the activity of the full-length enhancer. Error bars represent 
95% confidence interval. See Methods section for statistical tests. 
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Figure 1.10 Sequence alignments of ECR9 and ECR65 mouse, chicken and human homologous 
sequences. Asterisks below nucleotides denote conservation. Labelled black arrows demarcate 
boundaries of Motifs or Regions that were deleted in Figure 1.9. ECR65 Region 3 and ECR65 Region 5 
share a boundary. All deletions are directional as shown in Figure 1.9. Mutated bHLH sites are shown 






Figure 1.11 Unscaled values from deletion, mutation, and overexpression experiments (A) ECR65 activity from 
deletions and mutations corresponding to Figure 1.9. SP52 and NJ849 refer to two different orientations of 
ECR65::GFP. (B) ECR65 activity with empty pCAG vector, corresponding to Figure 1.12. (C) ECR9 activity from 
deletions and mutations, corresponding to Figure 1.9. NJ1140 and NJ1142 refer to two different orientations of ECR9. 
(D) ECR9 activity with the empty pCAG vector, corresponding to Figure 1.12. (E,F) Mutations of ECR65 and ECR9 
with different mutant sequences, corresponding to Figure 1.9. Error bars represent 95% confidence interval. Each 






3.6 Interactions with bHLH transcription factors  
 
Our screen for cis-regulatory elements that could regulate Onecut1 expression in early 
restricted RPCs led to ECR9 and ECR65, which appear to be active in overlapping populations of 
early RPCs that give rise to distinct subsets of retinal cell types. The tested serial deletions and 
mutations suggest that both of these elements have critical regulatory input from bHLH family 
transcription factors. In addition to the bioinformatically predicted Nhlh1 binding site in ECR65, 
bulk RNA-seq indicated that NeuroD1, NeuroD4, NeuroG2, and Atoh7 transcripts were enriched 
in the ThrbCRM1(+) population (Buenaventura et. al., 2018) and therefore also candidates to 
interact with these two cis-regulatory elements. To explore these possibilities, each of the five 
bHLH factors was overexpressed under the control of the ubiquitous CAG promoter in the E5 
chick retina along with ECR65 and ECR9.   
Under control conditions in which CAG did not drive any open reading frame, we 
calculated the percent of ECR9(+) or ECR65(+) cells out of the total electroporated population. 
Overexpression of either NeuroD1, NeuroG2, and NeuroD4 induced an increase in ECR9 reporter 
output, while Nhlh1 and Atoh7 did not (Figure 1.12A). Confocal microscopy showed that the 
increase in ECR9(+) cells upon overexpression NeuroD1, NeuroG2, and NeuroD4 was 
predominantly in the inner retina (Figure 1.12B). However, individual overexpression of these 
three bHLH factors is not sufficient to increase activity of the ECR9 Site 4 mutation (Figure 
1.12D).  
 We detected no change to the ECR65 reporter output upon misexpression of NeuroD1, 
NeuroD4, NeuroG2, or Atoh7 (Figure 1.12A). However, overexpression of Nhlh1 led to a 
significant increase in the number of GFP(+) cells. Confocal microscopy data showed that the 
population marked by ECR65 appears to expand towards the inner retina upon Nhlh1 
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overexpression, with the morphology of some cells resembling multipotent RPCs marked by Vsx2 
(Figure 1.12A, 1.12B). Furthermore, Nhlh1 overexpression was unable to rescue the loss of GFP 
activity seen in ECR65bHLH Mut1::GFP, suggesting that the site CATCAG within ECR65 is not 
only required for regulatory activity, but possibly mediates the interaction between ECR65 and 
Nhlh1 (Figure 1.12C). 
   Despite their effects on ECR9 and ECR65 activity, none of the four candidate bHLH 
factors were able to increase GFP reporter output driven by ThrbCRM1 (Figure 1.12A) or drive 
any changes in the spatial activity of the enhancer in the chick retina at E5 (Figure 1.12B). In 
addition, none of the bHLH genes were sufficient to ectopically induce ThrbCRM1 activity in the 
P0 mouse retina, suggesting that these genes were not sufficient to induce Onecut1 expression at 
this time (Figure 1.13). These results suggest that either ECR9 and ECR65 activation may occur 
after ThrbCRM1 activation or that the interactions between the bHLH factors and enhancers are 


























Figure 1.12 Effect of overexpression of bHLH factors on regulatory activity of ECR9, ECR65, 
and ThrbCRM1. (A) E5 retinae were electroporated with Nhlh1, NeuroD1, NeuroD4, NeuroG2 or 
Atoh7 under the control of the CAG promoter in combination with ECR65, ECR9 or ThrbCRM1 
driving either TdT or GFP. Percentages of ECR9(+), ECR65(+) and ThrbCRM1(+) cells were 

















































Continued from page 56. (B) Retinae were electroporated with ECR9::GFP or ECR65::GFP in 
combination with ThrbCRM1::AU1 and a CAG::bHLH plasmid. (C,D) Comparison of the effect of 
bHLH overexpression on mutant and WT versions of ECR9 and ECR65. Percentages were calculated 
out of total number of CAG::IRFP(+) cells. Percentages of WT enhancer(+) cells in the control 
condition were scaled to 100% for C, D. Percent of enhancer(+) cells in the empty CAG vector control 
condition were normalized to 100% for A. Error bars represent 95% confidence interval. In all graphs, 


















Figure 1.13 Candidate bHLH 
factors are not sufficient to 
induce ectopic ThrbCRM1 
activity in the mouse 
postnatal retina.  P0 mice 
retinae were electroporated 
with CAG::Bgal (magenta), 
ThrbCRM1::GFP (green) and 
the five candidate bHLH 
factors under the control of 
CAG.  An empty CAG 
plasmid served as the negative 
control and CAG::OC1 as a 
positive control. Retinae were 
cultured for two days prior to 
harvest and staining with Bgal, 
GFP and DAPI. Please note 
that some signal bleedthrough 
is visible in all GFP images 




3.7 Timeline of regulatory element activity  
 
ECR65::TdT and ECR9::GFP were electroporated with ThrbCRM1::GFP or 
ThrbCRM1::TdT respectively into retinas that were then cultured for 8 hours to assess whether the 
two regulatory elements activated at the same time as ThrbCRM1. ECR65, ECR9, and ThrbCRM1 
are all able to drive reporter expression 8 hours after electroporation. At this early time point, 
similar to the 18-22 hour time point, almost all ECR65(+) cells are ThrbCRM1(+) (Figure 1.14A, 
1.14B). At 8 hours, the ECR9(+) population contains both ThrbCRM1(+) and ThrbCRM1(-) 
(Figure 1.14A). It is striking that at the 8 hour timepoint, the more intensely ECR9::GFP(+) cells 
appear to be ThrbCRM1(-) (Figure 1.14A). Only 13.6% of ECR9(+) cells are also ThrbCRM1(+) 
at 8 hours (Figure 1.14B), compared to 56.31% at 18-22 hours (Figure 1.4). These results indicate 
that onset of ECR9 and ECR65 activity is not later than or dependent on ThrbCRM1 activation. 
Upon further examination of the ECR9(+) ThrbCRM1(-) population, it was observed that some of 
these cells are progenitors that can be labelled with EdU (Figure 1.14C). However, very few of 
them were observed to be Vsx2(+). This data suggests that ECR9 is active in ThrbCRM1(-) cells 
before it is active in ThrbCRM1(+) cells and that there exists a progenitor population which is 




















Figure 1.14 Onset of ECR9 and ECR65 activity compared to ThrbCRM1 (A) E5 retinae 
were electroporated with ThrbCRM1::TdT and either ThrbCRM1::GFP, ECR65::GFP or 
ECR9::GFP and cultured for 8 hours before harvest. Immunohistochemistry was used to 
amplify GFP and TdT signal. (B) Quantification of ThrbCRM1(+) cells within ECR9(+) 
population and ECR65(+) population. Each data point represents a biological replicate. Error 
bars represent 95% confidence interval (C) E5 retinae were electroporated as in (A) but also 
stained to detect Vsx2. Yellow arrow in indicates a cell that is ThrbCRM1::TdT(-), 
ECR9::GFP(+), Vsx2(+) (D) E5 retinae electroporated with ECR9::GFP and ThrbCRM1::TdT 
were cultured for 8 hours and pulsed with EdU from hour 7-8. Yellow arrow indicates a cell 
that is ECR9::GFP(+) ThrbCRM1::TdT(-) EdU(+). White arrow indicates a cell that is 
ECR9::GFP(+) ThrbCRM1::TdT(- ) EdU(-). Scale bars in A, C, and D represent 50 μm and 




3.8 Molecular events upstream of ThrbCRM1 activity  
 
We then sought to determine whether any of the bHLH factors which impact ECR9 and 
ECR65 activity affected one or more of the factors upstream of ThrbCRM1 such as Onecut1 and 
Otx2, or affected expression of the multipotent gene Vsx2. Overexpression of NeuroD1, NeuroD4, 
or NeuroG2 individually resulted in an increase of electroporated Otx2(+) cells (Figure 1.15A).  
Together with the increase in ECR9::GFP(+) cells, this would suggest that the newly GFP(+) cells 
are expressing Otx2. While there is no change in the proportion of GFP(+) Otx2(+) cells upon 
overexpression of each bHLH factor (Figure 1.15B) and many of the newly GFP(+) cells in the 
inner retina are Otx2(+) (Figure 1.14C, yellow arrows), it is also important to note that this result 
suggests that ECR9 is not turning on in previously ECR9(-) Otx2(+) cells. We then examined 
whether this enhancer-marked population shared a relationship with the Vsx2(+) multipotent RPC 
population. Vsx2, shown to be largely absent in the ThrbCRM1(+) restricted RPC population, 
marks 48.8% of all electroporated cells after one day in culture while ECR9(+) Vsx2(+) comprise 
less than 1% of all electroporated cells (Figure 1.15A, 1.15B). Overexpression of bHLH factors 
led to an increase in ECR9(+)Vsx2(+) cells (Figure 1.15B) , suggesting that Vsx2(+) cells are now 
being recruited to the ECR9(+) population. There was a trend for Vsx2(+) cells within the 
electroporated population to decrease upon bHLH overexpression but this was not statistically 
significant (Figure 1.15A).  None of the bHLH factors associated with ECR9 were able to induce 
Onecut1 expression in the electroporated population (Figure 1.15A) and no change in the percent 
of ECR9(+) Onecut1(+) cells was observed (Figure 1.15B). These results indicate that the some 
of the ECR9(+) newly inner retinal cells can be marked by Otx2 but that this population is largely 
Onecut1(-) and Vsx2(-).  
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Overexpression of Nhlh1 does not result in any change to electroporated Otx2(+) (Figure 
1.15D) cells nor to those cells positive for both Otx2 and ECR65::GFP (Figure 1.15E). Staining 
with Vsx2 confirmed that there is an increase in ECR65(+) Vsx2(+) cells upon overexpression of 
Nhlh1 (Figure 1.15E, 1.15F), as suggested by the data from Figure 5, though the overall percent 
of Vsx2(+) cells out of the total electroporated population does not change (Figure 1.15D). This 
result suggests that Nhlh1 overexpression induces some ECR65 activity within the Vsx2(+) cell 
population. Like the Otx2(+) cell population, the Onecut1(+) and Onecut1(+) ECR65(+) cell 














 Figure 1.15 Co-localization of bHLH-induced activity of ECR9 and ECR65 with early 
retinal development markers. E5 retinas were electroporated with ECR9::GFP or 
ECR65::GFP and their corresponding bHLH factors and cultured for 18-22 hours before harvest 
and immunohistochemistry. (A) Cell quantitation derived from confocal images of retinas 























Continued from page 62. Percentages of Otx2(+), Vsx2(+), or OC1(+) cells were calculated 
out of the total number of Bgal(+) cells. (B) Cell quantitation derived from confocal images of 
retinas stained for ECR9::GFP, co-electroporation marker Bgal, and either Vsx2, Otx2 or OC1. 
Percentages of ECR9(+) Otx2(+), ECR9(+) Vsx2(+), or ECR9(+) OC1(+) cells were calculated 
out of the total number of Bgal(+) cells. Error bars represent 95% CI (C) Confocal images of 
retinas stained for ECR9::GFP and Otx2. Yellow arrows denote ECR9(+) Otx2(+) cells. White 
arrows denote ECR9(+) Otx2(-) cells. (D, E) Same as for (A,B) but for ECR65::GFP. (F)  
Confocal images of retinas were stained for ECR65::GFP and Vsx2. Yellow arrows depict 
ECR65(+) Vsx2(+) cells. White arrows depict ECR65(+) Vsx2(-) cells. Scale bar in (C,F) 
represents 50 µm and applies to all panels. Scale bar in insets represents 25 um and applies to 
all panels.  
 
Figure 1.16 Individual bHLH factors are not sufficient to increase numbers of early 
retinal cell types. E5 chick retinae were electroporated with CAG::bHLH constructs and 
CAG::Bgal as an electroporation control and cultured for two days before being processed for 
immunohistochemistry. Retinal sections were stained with DAPI (nuclei), Bgal (electroporated 
cells) and cell-type specific markers. Percentages were calculated using the number of cells 
marked by each factor out of the total number of Bgal(+) cells. Error bars represent 95% 




3.9 Relationship between bHLH factors and early born retinal cell types  
 
We investigated the possibility of these factors affecting retinal cell types developing from 
E5 to E7. Previously it has been shown that overexpression of Onecut1 in the postnatal mouse 
retina can induce an increase in cones and horizontal cells while suppressing the rod photoreceptor 
fate (Emerson et al., 2013). Here, we overexpressed the four candidate bHLH factors, cultured for 
two days to mirror the lineage tracing experiments, and stained for the same cell-type specific 
markers (Figure 1.16) to determine whether these bHLHs play a role in the development of the 
cell types marked by the lineage tracing of ECR65 and ECR9.The lineage tracing of ECR9 in 
conjunction with the data from overexpression of NeuroD1, NeuroD4, and NeuroG2 suggests that 
these one or more of these transcription factors may play a role in the development of Lim1(+) 
horizontal cells or RGCs. However, no conclusive increase of these cell types was observed upon 
bHLH overexpression. Consistent with previously reported data (Li et al., 1999) overexpression 
of Nhlh1 was not sufficient to induce an increase in Isl1(+) cells. Lastly, none of the four candidate 





















4. Discussion  
 
The work presented here is intended to serve as a step towards understanding the distinction 
between cell fate multipotency and restriction. The expression of multipotent RPC genes such as 
Vsx2 and genes such as Onecut1 that mark the ThrbCRM1(+) fate-restricted RPC population 
appear to be mutually exclusive (Buenaventura et al., 2018). It is not understood what gene 
regulatory networks are involved in the establishment of these two populations. We therefore 
sought to identify cis-regulatory elements specific to the RPC[CH] population that function 
upstream of Onecut1 and may be involved in the restriction process.   
Our large-scale, multi-step screen for regulatory elements resulted in the identification of 
three regulatory elements that drove a spatial expression pattern biased to the cone/HC restricted 
RPC population. In addition to ECR9 and ECR65, we found multiple regulatory elements which 
drove expression in non-specific expression patterns and two which completely excluded the 
population of interest. These two regulatory elements, ACR8 and ACR10-A, may be involved in 
generation or maintenance of the multipotent RPC population that gives rise to a broader range of 
mature cell types as well as the restricted RPC populations. It may also be that the more broadly-
acting or ThrbCRM1(-) elements from this screen require further genomic context to act 
specifically in Onecut1(+) restricted RPCs. Our reporter assay is demonstrably effective in finding 
minimal elements that can drive specific spatiotemporal expression patterns, but we cannot be 
certain that we replicate the genomic function of every assayed element given the importance of 
chromatin state and the surrounding sequences. Our assay does capture some aspects of genomic 
context as every active element is found within accessible chromatin regardless of sequence 
conservation. Highly conserved elements located within closed chromatin in E5 chick retinal cells 
were not found to be active. Despite this, differential chromatin accessibility may not be a strong 
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indicator of enhancer specificity in cell populations at the same developmental time point. ECR65 
in particular is accessible in both ThrbCRM1(+) and ThrbCRM1(-) cells, yet under normal 
conditions is only active in the ThrbCRM1(+) population, demonstrating that appropriate 
combinations of transcription factors are still required to confer specific activity to regulatory 
elements.  
The regulatory elements ECR9 and ECR65 mark distinct but overlapping populations of 
developing chick retinal cells from E5-E6, which include RPCs (Figure 1.4). ECR65 has also been 
identified through DNaseI hypersensitivity in the mouse retina as “OC1 A” (Perez-Cervantes et 
al., 2020) but has not been further characterized. Here, we report that the ECR65(+) population 
overlaps almost entirely with the ThrbCRM1(+) population of cone/HC RPCs (Figure 1.4) and 
excludes the Vsx2(+) multipotent RPC population (Figure 1.15). By combining bioinformatic 
analyses of the active enhancer sequences with functional tests and previously published RNA-seq 
data, we were able to connect the activity of ECR9 and ECR65 to bHLH transcription factors.  
 The overexpression assays demonstrate specificity in the interactions between the four 
candidate bHLH factors and the two candidate enhancers. The involvement of these transcription 
factors in retinal development and specifically in retinal cell fate choice has also been well-
documented (Cepko, 1999; Hatakeyama and Kageyama, 2004; Dennis et al., 2019). For example, 
Nhlh1 RNA is known to be present in Isl1(+) RGCs (Li et al., 1999) and has been observed in 
scRNA-seq from chick retinal cells to mark a cone photoreceptor subtype (Ghinia Tegla et al., 
2020). When overexpressed alongside both candidate enhancers, Nhlh1 is only able to affect the 
activity of ECR65 (Figure 1.12A, 1.12B) which lineage traces to an Isl1(+) population (Figure 
1.6). However, further investigation is required to identify and characterize Nhlh1(+) developing 
cone photoreceptors and determine whether they develop from the ECR65(+) population. 
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Similarly, NeuroG2 has been found to be important for RGC genesis (Hufnagel et al., 2010; 
Maurer et al., 2018) and involved in HC fate choice (Akagi et al., 2004). This role may underlie 
its interaction with ECR9 (Figure 1.12A, 1.12B), which lineage traces to horizontal cells and 
morphologically characteristic RGCs (Figure 1.6).  
The ECR9(+) population also distinguishes itself with a subpopulation that does not 
overlap with ThrbCRM1 activity. However, this ECR9 (+) ThrbCRM1(-) population that includes 
RPCs also does not overlap strongly with the multipotent Vsx2(+) population (Figure 1.14, Figure 
1.15). Though NeuroD1, NeuroG2, and NeuroD4 were considered candidate TFs largely due to 
their enrichment in the ThrbCRM1(+) population (Buenaventura et. al., 2018), our data did not 
indicate that overexpression of individual candidate bHLH factors affected ThrbCRM1 activity on 
the timescale that we examined. Both the quantitative and qualitative assessment along with the 
visible increase in both Otx2(+) and ECR9(+) cells in the inner retina suggest that NeuroD1, 
NeuroD4, and/or NeuroG2 mediate ECR9 activity in a population of Otx2(+) cells distinct from 
the ThrbCRM1(+) restricted RPC population. The requirement for sequence elements that match 
consensus bHLH binding sites suggest that there is direct regulation of ECR9 and ECR65 activity 
by bHLH factors. However, it is possible that the misexpression effects of the tested bHLH factors 
on ECR9 and ECR65 activity could be an indirect effect, mediated by expression changes in other 
bHLH factors or potentially other transcription factors that act through the sites defined in this 
study. 
It has been hypothesized that an intermediate restricted RPC, marked by ThrbICR, gives 
rise to ThrbCRM1(+) restricted RPCs (Schick et al., 2019).  Lineage tracing of ThrbICR, which is 
bound by NeuroD1 (Liu et al., 2008), shows that the cells marked by that element can give rise to 
RGCs as well as cones and horizontal cells (Schick et al., 2019).  In conjunction with the ECR9 
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lineage tracing data and NeuroD1 overexpression data, ECR9 activity in cells which are neither 
ThrbCRM1(+) nor Vsx2(+) suggests that ECR9 could also label this intermediate population, 
referred to as RPCs[CHG] (Figure 1.17A).  
The regulatory elements uncovered in this and previous screens can therefore be used to 
mark distinct developing populations in the early vertebrate retina. OC1 ECR65 and ThrbCRM1 
are both active in the restricted RPC[CH], while OC1 ECR9 and ThrbICR activity may be marking 
the hypothesized RPC[CHG] which is distinct from multipotent RPCs characterized by the activity 
of VSX2 ECR4 (Buenaventura et al., 2018).  Other elements found in the screen, such as ACR2 
(Figure 1.4, Figure 1.7) and ECR22 (Gonzalez and Schick et. al., in preparation), may be more 
specific to either the cone photoreceptor precursors or horizontal cell precursors, respectively, 
from the ThrbCRM1 lineage (Figure 1.17A). Though ECR9(+) and ECR65(+) cell populations 
overlap with each other and other CREs such as ThrbCRM1 and potentially ThrbICR, the two 
enhancers characterized here are unique in their responses to the bHLH factors described above. 
We hypothesize that the interactions between ECR9 and ECR65 and their respective bHLHs play 
a role in the transition from multipotent RPCs to the fate-restricted RPC[CH] population (Figure 
1.17B).  It may be that one or more of the bHLH factors shown to interact with ECR9 may play a 
role in coordinating Vsx2 downregulation and activation of Onecut1 expression and ThrbCRM1 
activity (Figure 1.17B).   
While we have not determined which factor(s) among NeuroD1, NeuroD4 and NeuroG2 
interact with ECR9 in vivo, the ability of all three factors to increase ECR9 activity is consistent 
with a previous study demonstrating their functional redundancy during retinogenesis (Akagi et 
al., 2004). As ECR9 has multiple putative E-box sites, it may be that some combination of two or 
all three factors is required for the correct regulatory output of this enhancer. Of the ECR9 bHLH 
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sites, Sites 2-4 all vary in sequence but all three sites and their flanking sequences are highly 
conserved between mouse, chick and human (Figure 1.10). It is also worth noting that while the 
ECR65 bHLH site shares the same sequence as ECR 9 Site 3, the two enhancers still differ in their 
ability to respond to Nhlh1 overexpression. This may be due to the differences in their flanking 
sequences. Previous work has shown that some bHLH factors are able to utilize each other’s 
binding sites (Mao et al., 2013) and that the sequence flanking the core E-box may also be 
important for binding affinity (Gordân et al., 2013).  
Our results do not suggest that any of these bHLH factors individually are capable of 
inducing or suppressing any of the early-born cell fates in the chick retina. Previous studies using 
Xenopus were able to yield an increase in photoreceptors upon overexpression of NeuroD1 and 
NeuroD4 (Wang and Harris, 2005). In chick, NeuroD1 has been reported to induce more 
photoreceptors when virally overexpressed in the chick retina at E2 and cultured until E8.5/E9 
(Yan and Wang, 1998). Our lack of a similar result may be due to differences in the experimental 
timepoints, as our experimental conditions included a maximum culture time of 48 hours. Though 
we were also not able to induce horizontal cell or RGC fates, it may be because the overexpressed 
factors require the co-expression of other TFs in order to specify or induce particular cell fates. 
For instance, the prediction of a homeobox TF binding site so close to the bHLH binding site in 
ECR65 may suggest that both Nhlh1 and a homeobox factor are required to induce the cell fates 
observed from lineage tracing ECR65. Future studies are required in which bHLH factors are 
overexpressed in combination with each other and with homeobox factors to determine which 
factors are sufficient to drive early retinal cell fates in chick.  
Conclusions: This study examined the upstream regulatory events of the Onecut1 gene 
that occur in chick RPCs. Guided by both sequence conservation and chromatin accessibility, we 
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identified two regulatory elements near the Onecut1 gene, ECR9 and ECR65, that are 
preferentially active in Onecut1-expressing ThrbCRM1(+) RPCs. We find that both of these 
elements are predicted to contain bHLH transcription factor binding sites, which are required for 
activity of these elements. Overexpression of specific bHLH members leads to ectopic activity of 
ECR9 and ECR65 in Vsx2(+) RPCs. These bHLH factors are able to upregulate endogenous Otx2 
expression, a protein normally expressed in fate-restricted RPCs. Taken together, these results 
suggest a role for bHLH factors in promoting the formation of fate-restricted RPCs from 




















Figure 1.17 Model of ECR9 and ECR65 roles in cone/HC regulatory network.  
(A) Cell populations with ECR9 and ECR65 activity in relation to populations marked by previously 
published elements and OC1-associated elements reported here. Vsx2 ECR4 is active in the multipotent 
RPC population, whereas OC1 ECR9, OC1 ECR65, ThrbCRM1, and ThrbICR are all active in fate-
restricted RPC populations. (B) Molecular events upstream and downstream of ECR9 and ECR65 
activity. Multipotent RPCs give rise ultimately to RPC[CH]s, which corresponds to a down-regulation 
of Vsx2 and an upregulation of OC1 and Otx2. The bHLH factors that are sufficient to activate ECR9 
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Part II: Comparative Study of Retinal Development in Mouse and 
Thirteen-lined Ground Squirrel 
 
5. Introduction  
 
Studies of mammalian retinal development have been historically conducted in mouse 
models, largely due to ease of genetics and ease of maintenance in a laboratory environment. As a 
mammalian retinal model, mice represent an ancestral state. During the “nocturnal bottleneck”, 
mammalian bodies adapted to a nocturnal niche. In the retina, these adaptations included rod-
dominance and loss of cone photoreceptor pigments (Gerkema et al., 2013). However, since the 
nocturnal bottleneck, some mammals have adapted to diurnal niches. These adaptations include 
rearranging photoreceptors to generate a cone-dominant area such as the fovea of humans and 
some non-human primates (Szél et al., 1996) Another such adaptation can be seen in the cone:rod 
photoreceptor ratio in the ground squirrel retina (Merriman et al., 2016; Ou et al., 2019). Cones 
comprise approximately 85% of photoreceptors in the ground squirrel, in contrast with the mouse 
retina in which cones account for a mere 2.8% of photoreceptors (Jeon et al., 1998; Kryger et al., 
1998).   
In addition to serving as a model for understanding retinal adaptations to temporal niches, 
the ground squirrel (GS) retina presents an opportunity to study the development of a diurnal retina. 
Just as the diurnal chick retina is advantageous for studying cone photoreceptor and horizontal cell 
development due to the abundance of these cell types, so the GS retina provides these same 
advantages in a mammalian model. Further, the available annotated 13-lined ground squirrel 
genome (speTri2) makes this model amenable to genomics. However, it is difficult to maintain 
ground squirrel colonies in the lab due to their limited mating season and because the pregnancy 
rate in the lab is 50% as opposed to 90% in the wild (Dr. Dana Merriman, personal communication, 
 
 73 
2015). In part due to this difficulty, evolutionary modifications between the nocturnal mouse retina 
and diurnal ground squirrel (GS) retina have not been deeply explored (Ou et al., 2019). Because 
of such technical roadblocks and because GS embryonic development is not well-staged like chick 
or mouse development, GS retinal development has yet to be characterized.  
This work aims both to characterize GS retinal development and to provide a foundation 
for understanding evolutionary adaptations to mammalian diurnality. First, we describe the 
development of the thirteen-lined ground squirrel retina and compare it to what we know from the 
literature about mouse retinal development. The ground squirrel retina has been characterized as 
cone-dominant (Hollenberg and Bernstein, 1966; Szél and Röhlich, 1988; Kryger et al., 1998), 
with two subtypes of horizontal cells (Cuenca et al., 2002), 13 distinct types of cone bipolar cells 
(Light et al., 2012), RGCs that comprise approximately 10% of the cells in the retina, and a thick, 
linear optic nerve head (Vaidya, 1964; Long and Fisher, 1983; Rodriguez-Ramos Fernandez and 
Dubielzig, 2013). These studies have provided morphological and molecular characterization of 
the adult GS retina. Further, ground squirrel iPSCs have been recently generated, providing an 
avenue to study GS retinal development and cone-dominance (Ou et al., 2018, 2019). 
Characterization of ground squirrel retinal development would therefore provide context to all of 
these previous studies.  
It has been noted that the ground squirrel is well-suited to comparative studies, particularly 
comparative genomics, with other rodents (Merriman et al., 2016; Rodriguez-Ramos Fernandez 
and Dubielzig, 2013). Taking advantage of this property for the second part of this work, we 
compare chromatin accessibility at various developmental time points between the mouse and the 
squirrel. We hypothesize that modifications to retinal developmental events between the two 
species will correlate to differences in chromatin accessibility near retinal development genes. The 
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GS retina can serve as a model to study how retinal progenitors choose the cone fate over the rod 
fate and how HC subtypes are generated in mammals. Studying the development of a rodent retina 
with ratios that vary from the well-characterized mouse retina will allow us to understand how 
cells choose between multiple possible fates. This study therefore demonstrates an additional 






















6. Results  
 
6.1 A predicted timeline of squirrel retinal development  
 
The thirteen-lined ground squirrel, as mentioned above, is difficult to rear as a laboratory 
animal. To conduct developmental studies, pregnant GS females must therefore be caught in the 
wild during breeding season. An immediately apparent technical difficulty of this work is that, due 
to the method of tissue acquisition (see Materials and Methods), exact embryonic timepoints are 
elusive. We used two methods to work around this.  
 First, we constructed a relative timeline of development based on retinal diameter. The 
samples from the earliest available time point, referred to as Squirrel 1 and Squirrel 2, appear based 
on gross morphology to correspond with mouse E10-E11. The next available timepoint, Squirrel 
3, appeared to correspond with mouse E12 based on the size of the developing eye relative to the 
head and the visible RPE. However, we were unable to confirm that these time points matched up 
based on molecular markers as staining was inconclusive. At the Squirrel 3 timepoint, only RPE 
is visible based on Otx2 staining. The remaining timepoints in order of retinal diameter are detailed 
in Table 2, starting from Squirrel 13 and ending with postnatal day 2 (P2) as well as the adult 
retina. The only exact embryonic timepoint available is E21, listed as Squirrel 10. 
We then proceeded to utilize a previously validated method, the Translating Time equation, 
to estimate the timepoints of neurodevelopmental events in the GS retina (Workman et al., 2013). 
Using the GS gestation period of 28 days and an estimated adult brain weight of 2.2 g 
(approximated from a brain volume of 2.27 mL) (Matějů et al., 2016) with the model’s event scores 
for retinal development events, we were able to construct a predicted timeline of retinal 
development (Figure 2.1). The model predicts that in the GS retina, cone photoreceptors begin to 
appear at E13 and reach their peak at E18 – the equivalent of E13.5 in the mouse retina (Carter-
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Dawson and LaVail, 1979). The model also predicts that the peak of rod photoreceptor 
development takes place at E25.5, shortly before birth and slightly earlier than the postnatal peak  






























Table 1  
Retina Sample Number  Retina Diameter  
Squirrel 13 0.18 mm  
Squirrel 6 0.26 mm  
Squirrel 16  0.46 mm  
Squirrel 10 (E21)  0.54 mm 
Squirrel 11, Squirrel 12  0.74 mm  
P2  0.85 mm  
Adult  1.76 mm  
Figure 2.1 Predicted timeline of ground squirrel retinal development. Mouse embryonic 
developmental timeline of 20-21 days (above) is marked with the peak of cone photoreceptor 
generation at E13.5 and the peak of rod photoreceptor generation at P0. Squirrel embryonic 
developmental timeline of 28 days (below) is marked with the predicted time points for the start 
of cone generation, the peak of cone generation and the peak of rod generation at E13, E18 and 
E25.5 respectively. The squirrel developmental timeline is also marked with the estimated age 
of the embryonic retinal samples.  
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Retinal development in the mouse and ground squirrel
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6.2 Retinal Ganglion Cells in the GS retina  
 
As the immunohistochemistry from timepoints Sq1, Sq2, and Sq3 were inconclusive, we 
looked to the next available time point for any indication that specific retinal cell types had begun 
to develop. As the first postmitotic retinal cell type to form is the retinal ganglion cell, we first 
stained adult GS retinal tissue with an antibody to the RGC marker Brn3a and confirmed that the 
marker functions in this uncommon species (Figure 2.2). Brn3a marks some, but not all of the 
DAPI-stained cells in the ganglion cell layer (GCL) of the adult retina and does not mark any cells 
in the ONL or INL – these results are consistent with staining observed in other vertebrate species 
(Ghinia et al., 2019; Liu et al., 2000a). We then stained the Squirrel 13 timepoint with Brn3a along 
with the mouse E12 time point as a control. Both in the mouse E12 and Squirrel 13 retinae, some 
Brn3a-positive cells are clearly visible along the inner retina. In the mouse E12 tissue, more faintly 
stained cells can be seen towards the outer retina as well and we do not observe these same cells 
in Squirrel 13 (Figure 2.2). This result confirms that retinogenesis in the GS retina has begun by 
the Squirrel 13 timepoint as RGCs are beginning to express specific markers and that Squirrel 13 
is the earliest time point that is relevant to this analysis. As the Translating Time model estimates 
the onset of RGC specification in the GS retina to be E14, this result suggests that Squirrel 13 can 
be estimated at E14-E15. This time point is estimated to be the equivalent of the mouse retina at 
E11.  
We were also interested in RGC development in the GS retina as the literature suggests 
that this cell type is more abundant in the GS retina than in the mouse retina. It has been estimated 
that RGCs comprise 10% of the GS retina. The total number of cells in the GCL varies between 
strains of mice but has been estimated to be between 110,000-124,000 cells of the total 6.5 million 
cells in the mouse retina – less than 2% (Jeon et al., 1998). In addition to Brn3a, Isl1 also marks a 
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population of RGCs in the adult GS retina. Although Onecut1 does not mark any cells in the adult 
squirrel GCL (Figure 2.3), evidence of Onecut1 expression in developing rodent RGCs has been 
previously reported. It was observed in the mouse that Onecut1 co-expresses with an HA-tagged 
fusion protein of  RGC-precursor marker Atoh7 and that mouse RGCs express Onecut1 as late as 
P16 (Wu et al., 2012). It has been observed by immunohistochemistry and RNA-seq that at E12.5 
and E14.5, the Brn3b(+) subtype of RGCs express Onecut1 (Sajgo et al., 2017; Wu et al., 2012). 
A double knock out of Onecut1 and its family member Onecut2 leads to a 30% loss in RGCs 
(Sapkota et al., 2014), indicating a requirement for these genes in RGC development. Here we 
report that Onecut1 appears to mark developing GS retinal ganglions cells as well. At the early 
time point Squirrel 6, Onecut1(+) cells are visible under the proliferative zone of the developing 
retina and continue to express Onecut1 until at least E21 (Figure 2.4A). However, they do not stain 
as intensely as the developing horizontal cells. From Squirrel 6 to Squirrel 16, the developing GCL 
increases in size and becomes more distinct. DAPI staining suggests that the IPL connecting the 
RGCs to INL cells has begun to form by P0-P2 (Figure 2.4B, Figure 2.5A), in contrast to the 










Figure 2.2 Retinogenesis in squirrel has begun by “Squirrel 13”. Adult squirrel retina, mouse 
e12 retina, and early developmental time point “squirrel 13” stained with Brn3a (white) and DAPI 
(blue). Outer nuclear layer (ONL), inner nuclear layer (INL) and ganglion cell layer (GCL) are 





























6.3 Horizontal Cells in the GS retina  
 
Horizontal cells in the GS retina have been previously identified using the molecular 
markers calretinin, calbindin and calmodulin (Cuenca et al., 2002) and classified as H1 or H2 
subtypes based on the shape of the cell body, dendritic length, and contacts with photoreceptors. 
It has been observed that the H1 cells stain more intensely with calretinin than the H2 cells and 
that the H2 subtype is rarer (Cuenca et al., 2002; Linberg et al., 1996). Here, we sought to confirm 
whether the previously described characteristics of HCs are conserved in the GS retina. It is well-
documented that the mouse retina only has Lim1(+) H1 type horizontal cells (Martín-Partido and 
Francisco-Morcillo, 2015). However, Isl1(+) is expressed in the H2 subtype in chicken, human, 
and macaque retinae (Fischer et al., 2007; Haverkamp et al., 2003; Lu et al., 2019). In the GS 
retina, we observe 1-2 rows of Lim1(+) cells in the outermost region of the INL where horizontal 
cells are found (Figure 2.3). Isl1(+) expression is observed in the GCL as expected, in the inner 
most part of the INL where amacrine cells reside, an in the outermost part of the INL. Both the 
Lim1(+) and Isl1(+) cells in the outermost INL also express Onecut1, a well-known marker of 
mature and developing HCs (Figure 2.3). This result indicates that the Lim1/Isl1 distinction of HC 
subtypes characterized in the chick retina (Fischer et al., 2007) hold true in the squirrel and that 
Onecut1 is expressed in both subtypes of HCs in the GS retina. We also use Lim1 and Onecut1 
staining to confirm previous reports that HCs are much more abundant in the GS retina than in the 
mouse retina (Figure 2.3). The ground squirrel retina therefore presents the opportunity to study 
the development of HCs and HC subtypes in a diurnal rodent model.  
Bi-directional migration is an important process in HC development. It was first shown in 
chick retinas stained with Lim1 and Prox1 that by E6, all HCs migrate vitreally and align 
themselves just above the RGC layer. Immediately after, they begin to migrate back towards the 
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developing photoreceptor layer and by E8, they have reached their final location in the developing 
INL (Edqvist and Hallböök, 2004). Migration was also observed in Lim1(+) HCs in the developing 
mouse retina (Liu et al., 2000b; Poché et al., 2007).  
We first sought to characterize the development and migration of the more numerous and 
well-studied H1 subtype in the GS retina, using molecular markers. Staining with Lim1 and 
Onecut1 showed that the HCs begin to migrate down by the embryonic time point of Squirrel 16 
and by E21, most of the HCs have migrated to the innermost region of the progenitor layer (Figure 
2.4). Based on expression of these HC markers, the E21 ground squirrel retina is comparable to 
the E16.5 mouse retina (Wu et al., 2012). Just before birth, a time point likely represented by 
Squirrel 11, the HCs have begun to migrate from the innermost portion of the INL to the outermost 
portion of the INL near the developing photoreceptors. By P0, many Lim1(+) HCs have completed 
this process in the central retina. This continues at P2, when many HCs are still migrating outward 
in the peripheral retina and migration looks complete in the central retina (Figure 2.4B). In this 
regard, the GS retina at P2 is equivalent to the mouse retina at E18.5 (Liu et al., 2000b; Poché et 
al., 2007). By P6, Lim1(+) HCs have formed an evenly spaced monolayer at their final location, 
the outermost part of the INL. This suggests that some of the developmental processes in the GS 
retina are delayed relative to birth as compared to the mouse retina, in which the HC monolayer is 
fully formed by P3 (Poché et al., 2007).  
To begin characterizing Isl1 expression and cell migration of axon-less HCs in the GS 
retina, we stained for Isl1 at postnatal retinal time points. Another INL cell type, bipolar cells, 
begin to express Isl1 around P7 in the mouse (Elshatory et al., 2007). We aimed identify 
developing or migrating Isl1(+) HCs while avoiding any developing bipolar cells in the postnatal 
GS retina. We therefore also stained with Otx2, which is known to label bipolar cells at this time 
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point, and looked for Isl1(+) Otx2(-) cells in the INL (Figure 2.5A). At P2, an Isl1(+) Otx2(-) cell 
can be observed migrating up towards the photoreceptors. At P4, the two visible H2 horizontal 
cells both appear to have completed migration but are not evenly spaced. At P6, the visible Isl1(+) 
HCs appear to be in their final position and in a single and spaced layer, similar to the Lim1(+) 






Figure 2.3 Ground squirrel horizontal cells express Onecut1, Lim1, and Isl1. Squirrel adult 
retina is stained with Onecut1 (red) and Isl1 (white). Yellow arrows indicate Isl1(+) Onecut1(+) 
cells. Squirrel adult retina and mouse P14 retina stained with Onecut1 (red) and Lim1 (white). 
Merged images depict overlap between Onecut1 and Isl1 or Lim1. Outer nuclear layer (ONL), inner 
nuclear layer (INL) and ganglion cell layer (GCL) are labelled. Cell nuclei are labelled with DAPI 






Figure 2.4 Horizontal cell migration continues postnatally in the ground squirrel retina. 
(A) Squirrel retinae at time points “squirrel 6”, “squirrel 16” and “squirrel 10” (E21) labelled 
with Onecut1 (red), EdU (white) and DAPI (blue). EdU represents the progenitor layer. (B) 
Embryonic and postnatal squirrel retinae labelled with Lim1. Scale bars in (A) and (B) represent 
50 µm.  
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6.4 Bipolar cells  
 
Bipolar cells are classified as ON and OFF, rod bipolar or cone bipolars, based on where 
they terminate in the IPL and their electrophysiological properties (Euler et al., 2014). Because 
ground squirrel  bipolar cells have been described and systematically classified (Light et al., 2012; 
Puller et al., 2011), we also examined the developmental expression of bipolar cell markers such 
as Otx2 (Figure 2.5). By P2 in the GS retina, different Otx2-expressing populations emerge. In the 
outer retina, there are intensely stained cells that are likely to be photoreceptors. However, faintly 
Otx2(+) cells are visible further towards the inner retina.  As bipolar cells, along with rod 
photoreceptors, are generated later in retinal development, these may be developing bipolar cells. 
This population increases from P2-P6 as the ONL separates from the INL and occupies 
approximately two-thirds of the developing INL (Figure 2.5A). In the adult retina, the Otx2(+) 
population is maintained in the outer two-thirds of the INL (Figure 2.5B). These are clear 
indicators that Otx2 in the adult GS retina is specific to bipolar cells and photoreceptors as it is in 
other species, and that Otx2 expression can be used to study bipolar cell development in the 
squirrel retina.  
Isl1 expression is not observed in developing bipolar cells by P6 (Figure 2.5A). 
Unfortunately, as this is the last available time point before the adult retina, we were unable to 
determine whether the onset of Isl1 expression in bipolar cells occurs at P7 in the GS retina or at 
a later time point. In mice, Isl1 was found to be expressed in the same INL cells as Goµ, a marker 
of ON bipolar cells, and PKCµ, which specifically labels rod bipolar cells (Elshatory et al., 2007). 
Isl1 co-expresses with the same markers in the human retina, where PKCµ additionally marks a 
type of ON bipolar cell (Haverkamp et al., 2003). PKCµ  has also been observed in ON bipolar 
cells in the GS retina (Puller et al., 2011). It is therefore highly likely that the Isl1(+) Onecut1(-) 
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cells visible in the INL of the adult GS retina (Figure 2.3) are ON bipolar cells and rod bipolar 
cells.  
 
Figure 2.5 H2 subtype horizontal cells in the postnatal ground squirrel retina. (A) Postnatal 
squirrel retinal tissue labelled with Otx2 (green) and Isl1 (white), showing progression of Otx2 
and Isl1 expression in later retinal development. Yellow arrows in insets indicate Isl1(+) Otx2(-) 
cells in the outer part of the INL. (B) Squirrel adult retina stained with Otx2. Outer nuclear layer 
(ONL), inner nuclear layer (INL) and ganglion cell layer (GCL) are labelled. Scale bars in (A) and 
(B) represent 50 µm .  
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6.5 The cone/HC restricted progenitor  
 
A fate-restricted progenitor cell has been described in the mouse and chick retina that 
preferentially generates cone photoreceptors and Lim1(+) HCs (Emerson et al., 2013; Schick et 
al., 2019), referred to in Part I as the RPC[CH]. This progenitor type can be identified through 
activity of the cis-regulatory element ThrbCRM1, which is bound by both Onecut1 and Otx2 
(Emerson et al., 2013). As there are greater numbers of both these cell types in the ground squirrel 
retina than in the mouse retina, we were curious as to whether this is mediated through the 
ThrbCRM1(+) progenitor. It is possible that either more ThrbCRM1(+) progenitors are generated 
early in development or that they are generated over a longer period of time, allowing the retina to 
then increase its cone and HC numbers.  
In order to explore these possibilities, it was necessary to first determine which – if any – 
of the squirrel time points available are equivalent to mouse e13.5. According to the relative sizes 
of the GS retinae and the predicted time points from the Translating Time equation, Squirrel 6 is 
closest to mouse E13.5. We therefore stained Squirrel 13, Squirrel 6, and Squirrel 16 tissue with 
Onecut1 and Otx2 to determine if any of these three time points are of interest to studying the 
ThrbCRM1(+) progenitor. For comparison, we also stained mouse E12, E13 and E14 retinae with 
the same markers (Figure 2.6).  
Qualitatively, Squirrel 13 appears to be an earlier time point than our earliest mouse time 
point, E12. This is further evidence that the Squirrel 13 time point is the equivalent of mouse E11. 
It appears that this time point is the first at which Otx2 is expressed in the retina (Figure 2.6). 
Onecut1 also appears to mark more cells towards the inner retina, which may be RGCs and their 
precursors, than cells located towards the outer retina as seen in the mouse at E12. The staining at 
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this time point also suggests that in the squirrel retina, Onecut1 expression begins slightly earlier 
than Otx2 expression.  
Based on both markers and their co-localization, Squirrel 6 appears most similar to the 
mouse retina at E13. At the Squirrel 16 time point, we begin to see more brightly stained Otx2(+) 
cells towards the outer retina. However, they are not as numerous as the outer retinal Otx2(+) cells 
seen in the E14 mouse retina. Based on the pattern of Lim1 and Onecut1 staining (Figure 2.4, 
Figure 2.6), Squirrel 16 is closer to the E21 squirrel retina than to the Squirrel 6 time point.  
We wanted to quantify the co-expression of Onecut1 and Otx2 and determine how it 
changes between the different time points (Figure 2.6). We counted the Onecut1(+) cells within 
each retina and then determined what percent of the Onecut1 population was also Otx2(+). We 
sought to identify a time point at which the proportion of Otx2(+) Onecut1(+) cells begin to 
decrease and the Otx2-only and Onecut1-only populations begin to increase. It was surprising to 
note that in the squirrel retina, though the number of Onecut1(+) HCs became more apparent as 
development progressed, the percent of Otx2(+) cells within the Onecut1(+) population did not 
significantly increase or decrease (n=2). There was no clear change in this population in the mouse 
retina either. This indicates that though there is an increase in Onecut1-only cells from Squirrel 13 
to Squirrel 16, either they are not progeny of the Onecut1(+) Otx2(+) restricted RPC population 
or that the restricted RPC[CH] population is being replenished during these time points.  
We noticed that in all three squirrel retinal time points here, nearly every Otx2(+) cell is 
also Onecut1(+). A few Otx2 single-positive cells become apparent at the Squirrel 16 time point. 
Quantification of further developmental time points is required, but qualitative data (Figure 2.4A, 
B) suggests that these Onecut1(+) restricted RPCs persist as late as E21. In contrast, by E14 in the 
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retina may be generating many more cones and HCs by extending the duration of the 





Figure 2.6 Comparative immunohistochemistry indicates an expanded duration for the cone/HC 
restricted RPC in the ground squirrel retina. Three embryonic squirrel retinal time points, mouse E12, 
mouse E13, and mouse E14 are labelled with Onecut1 (red), Otx2 (green) and DAPI (blue). Merged images 
show overlap of Onecut1(+) and Otx2(+) cells. Bar graphs show quantification of the overlap between 
Onecut1 and Otx2 at each mouse and squirrel time point. The number of Onecut1(+) Otx2(+) double 
positive cells is divided by the total number of Onecut1(+) cells to obtain the percent of Onecut1(+) cells 
which also express Otx2. Error bars represent standard deviation. Scale bars represent 50 µm .  
 
 91 
6.6 Differential chromatin accessibility in rodent retinal development  
 
We hypothesized that the differences between ground squirrel and mouse retinal 
development can be linked to differences in chromatin accessibility at key regulatory elements. To 
investigate this, we collected ATAC-seq libraries (Buenrostro et al., 2013) from embryonic, 
postnatal, and adult retinae of both species and conducted a comparative analysis. The goals of 
this analysis were to identify regulatory regions with greater accessibility in either species, 
associate them with nearby genes, and examine their accessibility at the different developmental 
time points.  
 After aligning every mouse and GS ATAC-seq library to their respective genomes (mm10 
and speTri2 assemblies) , we used MACS2 (Zhang et al., 2008) to call peaks accessible at the 
mouse time points of E13.5, P0, P7, and adult. These peaks were used as input to UCSC LiftOver 
to find the homologous regions in the squirrel genome. We were then able to determine how many 
ATAC-seq reads aligned to each peak at every mouse and squirrel time point and perform a 
comparative analysis using DESeq2 (Figure 2.7). Peaks which aligned with a higher number of 
reads in the mouse ATAC-seq libraries compared to the squirrel ATAC-seq libraries were 
considered “mouse-enriched” (Figure 2.9A). Similarly, peaks which a higher number of reads were 
found in the squirrel ATAC-seq libraries compared to the mouse libraries were considered 
“squirrel-enriched” (Figure 2.8). We observed that Log2FoldChange values less than 5 or greater 
than -5 were often unreliable as criteria to define mouse-enriched or squirrel-enriched regions. For 
instance, Peak 15194 (Figure 2.9B) has a Log2FoldChange value of approximately -2 and was 
initially classified as “squirrel enriched”, but this does not appear to be accurate. After further 
narrowing down squirrel-enriched and mouse-enriched peaks using the Log2FoldChange value 
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from DESeq2, we identified 2036 squirrel enriched peaks and 3526 mouse enriched peaks out of 
the 95,219 peaks called by MACS2.  
 Next, we associated the top 50 squirrel-enriched and top 50 mouse-enriched peaks with 
nearby genes by aligning the coordinates of the peaks from MACS2 with transcript coordinates 
from the mm10 RefGene annotation provided by UCSC. This method also allowed us to look up 
genes of interest and determine whether any of the nearby peaks fall into the mouse enriched or 
squirrel enriched data sets. We were also able to use the UCSC LiftOver tool to align reads from 
the squirrel ATAC-seq libraries to the mouse genome for easy visualization of the data across 
developmental time points. With these approaches and by additionally annotating the mouse 
enriched and squirrel enriched peaks into the UCSC Genome Browser, we were able to conduct a 
more targeted search for regulatory elements. As our aim is to understand the differences between 
squirrel and mouse retinal development from a gene regulatory perspective, we began our search 
near genes of interest. We identified multiple squirrel-enriched peaks near genes associated with 













Figure 2.7 Differentially accessible chromatin regions in the mouse and ground squirrel 
retinae, identified by comparative ATAC-seq. (A) Schematic of comparative ATAC-seq 
analysis. See Methods for further details. (B) Heatmap depicting the 50 most differentially 
accessible chromatin regions between the squirrel and mouse retina. The species and age/label of 
each retina are labelled labelled below each column. Row labels represent the ID of each 
chromatin region or “peak” called by MACS2. Green bars represent highly accessible chromatin 
regions, purple bars represent inaccessible chromatin region.  
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Novel genes associated with cone photoreceptor development were recently reported in a 
scRNA-seq analysis of the Lhx4::GFP transgenic mouse (Buenaventura et al., 2019). One of the 
top 50 squirrel enriched peaks, Peak 85516, is close to the transcription start site for the gene 
March1 (Figure 2.8A). This gene was found to be enriched in Lhx4-positive cone photoreceptors 
in the mouse at E14.5. Peak 85516 is more accessible in squirrel than mouse during embryonic 
and postnatal time points, and less accessible in the adult retina of both species. This region is 
initially accessible in the early ground squirrel embryo and remains highly accessible at least until 
P0. We hypothesize that the accessible chromatin region Peak 85516 plays a role in regulating 
March1 expression both during cone fate specification in early retinal development and cone 
photoreceptor maturation in later retinal development. Another squirrel enriched peak, Peak 
25941, was found within the transcript of the gene ARL15 (Figure 2.8A). This region is well-
conserved but not accessible at any time point in the mouse retina. In the GS retina, this region is 
accessible at E21 and remains so until P0, but is not accessible in the GS adult retina (Figure 2.8A). 
Our immunohistochemistry data suggests that E21 in the ground squirrel is similar to E16-16.5 in 
the mouse retina. At approximately E20 (Squirrel 16), we observe very few Otx2(+) Onecut1 (-) 
cells in contrast to the mouse E14 time point at which Otx2(+) Onecut1(-) are much more abundant 
(Figure 2.6) and at which ARL15 is expressed. It is possible that ARL15 is expressed in these 
newborn cone photoreceptors which do not express Onecut1 and if this peak is an active regulatory 
region that plays a role in ARL15 expression, it remains inaccessible until that time point. 
However, ATAC-seq data from timepoints between Squirrel 6 and E21 would help determine 
whether E21 is really the earliest time point at which this region is accessible.  Furthermore, the 
spatiotemporal expression patterns of ARL15 and March1 in the mouse and ground squirrel retina 
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need to be characterized in more detail in order to test any hypotheses about these peaks and their 




Figure 2.8 Examples of squirrel-enriched chromatin regions from UCSC Genome 
Browser. (A) Squirrel-enriched peaks near previously reported cone genes, March1 (scale = 
150) and ARL15 (scale = 25). (B) Squirrel-enriched peaks near previously reported HC genes, 
Isl1 (scale = 40) and Onecut1 (scale = 40). ATAC-seq species and time points are labelled along 
the left. The bottom of each Genome Browser snapshot shows the sequence conservation at each 
genomic location (cons. track) and the nearest gene.  
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As described above, the gene Isl1 marks the squirrel H2 subtype of horizontal cells, which 
are not found at all in the mouse retina. We identified two squirrel enriched peaks, Peak 26042 and 
Peak 26043, about 19kb upstream of the Isl1 coding region. The UCSC placental mammal 
conservation track defines both of these regions as conserved and yet it is clear that they have 
many more ATAC-seq reads in the squirrel timepoints than in the mouse and close to zero reads 
in adult samples from both species (Figure 2.8B). These peaks are most accessible from GS E21 
to P0. However, more data is required to determine the role of these regions in Isl1 regulation. 
ATAC-seq data from more time points would clarify whether these regions are equally or more 
accessible between the Squirrel 6 time point and the E21 timepoint. Immunohistochemistry data 
from these timepoints would also be useful in establishing the temporal expression of Isl1 in 
developing HCs and whether the accessibility of these peaks follows a similar pattern.  
Another potential regulatory element involved in ground squirrel HC development is Peak 
91134. This is the ground squirrel homologue of Onecut1 ACR8, a regulatory element located 
upstream of Onecut1 in an intron of Wdr72 (Figure 2.8B). In Chapter 3.2 of this thesis, it was 
demonstrated using reporter assays and immunohistochemistry that Onecut1 ACR8 activity has 
little to no overlap with ThrbCRM1 activity (Figure 1.5). However, Peak 91134 is not accessible 
in the adult mouse or ground squirrel and has greater accessibility in the squirrel at every available 
time point. This is especially noticeable between squirrel P0 and mouse P0. Lineage tracing of 
Onecut1 ACR8 in the chick retina suggested that this element is active in progenitors (Gonzales 
and Schick et al, unpublished). A deeper characterization of ACR8/Peak 91134 activity in both 
avian and mammalian retinae would help clarify the role of this regulatory element in early retinal 
development. Though it is not active in the RPC[CH], it may be involved in a parallel lineage of 
horizontal cells. Ultimately, the function of ACR8/Peak 92234 or any of the other differentially 
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Figure 2.9 Example of mouse-enriched chromatin regions and a non-differential 
chromatin region, near the genes Arrdc3 (left, scale = 200) and Aatf (right, scale = 125). 
ATAC-seq species and time points are labelled along the left. The bottom of each Genome 
Browser snapshot shows the sequence conservation at each genomic location (cons. track) and 
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 The regulatory network that leads to cone photoreceptor fate choice in the vertebrate retina 
is not fully characterized. Many studies rely on mouse models, which are rod-dominant. Using the 
powerful genetics of mouse models, the field has been able to conduct developmental 
manipulations to either generate cone-rich rodent retinae (Kaufman et al., 2019; Mears et al., 2001) 
or purify cone photoreceptors with specific markers (Buenaventura et al., 2019). However, the 
thirteen-lined ground squirrel retina is inherently cone-rich and allows for direct study of 
mammalian cone photoreceptor development without relying on genetic manipulations. In this 
work, we sought to characterize retinal development in the thirteen-lined ground squirrel through 
extensive immunohistochemistry with previously described markers for developing and mature 
retinal cell types. The first finding of this work is that the conserved expression of retinal cell type 
markers establishes the GS retina as a useful tool for studies of comparative neural development. 
We have also generated a preliminary timeline of embryonic retinal development in the thirteen-
lined ground squirrel (Table 4). However, additional biological replicates are required to confirm 

























Some of the events of embryonic retinal development appear congruent between the two 
species, such as the onset of RGC development as described above. However, the timing of other 
developmental events appears extended or delayed. For example, in the developing GS retina, 
Onecut1 appears to mark three populations: developing and mature HCs, developing RGCs and 
the ThrbCRM1(+) restricted RPCs. This third population begins to decrease to give way to 
Onecut1 and Otx2 single positive cells by E14 in the mouse (Figure 6). In the GS retina, this 
population only begins to decline at approximately E20, suggesting that the ThrbCRM1(+) cells 
are present for much longer than expected based on available data in mice. As this restricted RPC 
preferentially generates cones and HC, this may be one mechanism by which the GS retina 
increases its cone photoreceptor and HC numbers. It would be useful to determine at which 
timepoint the expression pattern of Onecut1 and Otx2 most closely resembles the E14 mouse. We 
hypothesize that this would be E21, or the equivalent of E16.5 in the mouse. Additional biological 
Squirrel ID Age Mouse equivalent Gene expression/developmental events 
Sq. 13 E14-E15 (est.) E11 • RGCs express Brn3a. Otx2 and OC1 are co-expressed.  
Sq. 6 E18 (est.) E13-E14 • OC1(+) RGC layer becomes clear.  
• OC1/Otx2 cells increase.  
Sq. 16 E20 (est.)  • Lim1(+) HCs have begun migrating towards RGC layer 
• OC1/Otx2 cells increase 
Sq. 10 E21 E16.5 • HCs migrate basally.  
Sq. 11  E24-E27 (est.)  • HCs begin migrating towards prospective INL  
N/A P0  • HC migration almost complete in the central retina 
• IPL has begun to form   
N/A P2 E18 • Migrating Isl1(+) HCs visible.  
• Lim1(+) HC migration complete in central retina  
• IPL has begun to form  
N/A P4  • HC migration complete or almost complete.  




Table 4. Embryonic and postnatal squirrel retinal development. Embryonic time points are 
listed by ID numbers. Ages are followed by “(est.)” for estimated ages of the embryonic time 
points. W ere applicable, the equivalent mouse time po nt is listed based on observed
developmental events and molecular markers.  
Table 4 Embryonic and postnatal squirrel retinal development. Embryonic time points 
are listed by ID numbers. Ages are followed by “(est.)” for estimated ages of the embryonic 
time points. Where applicable, the equivalent mouse time point is listed based on observed 
developmental events and molecular markers as a developmental comparison between 




replicates are also required for the quantification of the overlap between Onecut1 and Otx2. 
Overall, this result suggests that the cone photoreceptor and horizontal cell fates can be promoted 
by expanding the time during which they are specified and points to the importance of fate-
restricted RPCs in accomplishing this.  
We observed that squirrel HCs are more numerous than mouse HCs. It has been previously 
shown that overexpression of follistatin in the chick retina at E3 resulted in an increase of both H1 
and H2 subtypes by E9 (Edqvist et al., 2008). This effect was highly specific to HCs. It was 
proposed that follistatin prevents HC progenitors from exiting the cell cycle and maintains them 
in a proliferative state, thereby expanding the HC population. Therefore, one hypothesis is that 
regulation of follistatin expression plays a role in generating the HC abundance in the GS retina. 
However, we were unable to identify any mouse-enriched or squirrel-enriched peaks in the 
intergenic regions upstream and downstream of the follistatin gene.  
In mice, the gene Isl1 has been linked to differences in HC number between the B6 stain 
and A/J strain. Expression of Prox1, which marks HC and HC precursors, and expression of Isl1 
were seen to be mutually exclusive. A conditional knockout of Isl1 in the mouse retina resulted in 
increased HC density in the central retina. It was hypothesized that the greater HC density seen in 
the B6 strain was due to Isl1 repression via a bHLH TF binding at the Isl1 5’ UTR (Whitney et al., 
2011). Isl1 repression in the developing Lim1(+) HC population may therefore be a mechanism 
behind the high production of H1 cells in the squirrel retina. However, it is unlikely that this 
repression would occur in all squirrel HC precursors as Isl1 is expressed in H2 cells. It has also 
been established that H2 cells in the chick retina co-express Isl1 and Prox1 (Fischer et al., 2007). 
To further explore whether Isl1 repression leads to a greater number of Lim1(+) HCs in the squirrel 
retina, it would be useful to determine whether Prox1 is also found in GS Isl1(+) horizontal cells.  
 
 102 
Beyond the histological characterization of GS retinal development, we have also 
generated and analyzed several ATAC-seq datasets in order to investigate the gene regulatory 
mechanisms driving the differences between the mouse and ground squirrel retina. To this end, 
our analyses have identified regions which are more accessible in the squirrel retina and which are 
more accessible in the mouse retina, across multiple developmental time points. The approach we 
have taken does not distinguish between promoters and distal enhancers, and indeed it has been 
proposed that these two types of cis-regulatory elements may not represent two distinct classes 
(Andersson and Sandelin, 2020).  
Novel cone genes such as March1 and ARL15 are only identifiable in mouse through the 
use of specific markers such as Lhx4, which can be used to enrich for cone photoreceptors in bulk 
RNA-seq and ATAC-seq. However, accessible regulatory elements near these genes are easily 
identifiable in the cone-rich GS retina. It is imperative that these bioinformatic analyses are 
supplemented with functional reporter assays to characterize the spatiotemporal activity, if any, of 
regions of interest. These ATAC-seq peaks can also be cross-referenced with transcription factor 
binding data from ENCODE to examine which classes of TFs are binding to the mouse enriched 
and squirrel enriched regions. The method that we have detailed here begins by calling peaks from 
the mouse ATAC-seq libraries. As such, any regulatory sequences that are novel or unique to the 
ground squirrel are not represented here. This can be accounted for by repeating this analysis and 
calling peaks from the GS ATAC-seq libraries.  
Importantly, this work presents a comparative study of nocturnal and diurnal mammalian 
retinal development. Despite the deep conservation of retinal development, the cell-type 
composition of the retina can vary widely – particularly between nocturnal and diurnal vertebrates. 
We have conducted a histological and molecular characterization of ground squirrel retinal 
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development in comparison to mouse retinal development. This work can be used to understand 
which components of the conserved retinal development network can be and have been modified 
by evolution. In describing its development, this work provides context to previous studies of the 
ground squirrel retina and facilitates future studies. Particularly, we demonstrate how a 
comparative study can be used to understand cell fate choice with a focus on cones and HCs. This 
will enable studies of how the cone and horizontal cell fates are promoted over other retinal cell 
fates. The ATAC-seq datasets we have generated from both mouse and ground squirrel can 
facilitate studies in other retinal cell types and developmental processes. For example, the ratio of 
H1:H2 horizontal cells can vary widely from 1:1 in the chick, to 1:0 in the mouse. It would be 
interesting to explore, using the approaches from this study, whether this ratio is determined 


























8. General Conclusions 
 
The General Introduction section of this thesis presented two broader questions in the field 
of retinal development: 
(1) How can a uniform pool of multipotent progenitors generate every retinal cell type? 
(2) How are all of the distinct retinal cell types generated in the correct ratios?  
Understanding how multipotent cells can give rise to specific types and subtypes of mature retinal 
cells lies in a more comprehensive understanding of fate-restricted RPCs. In Part I of this thesis, 
I sought to generate some insight into how a uniform pool of multipotent progenitors can specify 
the ThrbCRM1(+) RPC[CH]. We were successful in conducting a screen to identify regulatory 
elements proximal to Onecut1, one of the transcription factors required for ThrbCRM1 activity. 
This study first identified regulatory elements that are active in restricted progenitors and secondly 
established a relationship between the activity of these enhancers and specific transcription factor 
expression.  
These findings serve to connect ECR9, ECR65, and their associated bHLH TFs with cone, 
HC and RGC fates. These are important steps towards describing a complete gene regulatory 
network of early retinal cell fates. These findings also contributed to the field’s understanding of 
fate restriction in retinal development as ECR65, ECR9, and ThrbCRM1 seem to be disparate but 
overlapping developing cell populations. This is evidence that regulatory element activity is not 
only vital to cell fate decisions, but also an important tool in identifying the multiple populations 
of fate-restricted RPCs that exist at different time points in the developing retina.  
The second question, of how specific cell types are generated in the correct numbers with 
respect to each other, can also be studied by understanding gene regulatory decisions in the 
developing retina. Part II of this thesis took a comparative approach to this problem using the 
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thirteen lined ground squirrel retina and mouse retina. The numbers of some of the cell types in 
these two mammalian retinae have already been characterized (Cuenca et al., 2002; Jeon et al., 
1998). The goals of this work were to characterize the retinal development of a diurnal mammal 
and to identify gene regulatory differences pertaining to variation in cone:rod ratio and horizontal 
cell number.  
To these ends, I was able to define some of the time points at which retinal development 
events occur, such as the onset of RGC generation, the onset and duration of the ThrbCRM1(+) 
RPC population, the onset of Otx2 expression, and the timeline of horizontal cell migration.  I was 
also able to amplify ATAC-seq libraries and analyze ATAC-seq data from whole retina tissue at 
several time points from both the mouse and squirrel to identify differentially accessible chromatin 
regions. As new sequencing technologies take hold and facilitate new findings in the field of retinal 
development, more and more novel genes associated with cone photoreceptor development are 
being reported. Whole retina ATAC-seq data from a cone dominant mammal can be instrumental 
in understanding the regulation of these genes, their role in the gene regulatory network of cone 
development, and how they impact the cone:rod ratio.   
This work is a useful step in understanding how a developing retinal cell chooses the cone 
photoreceptor fate. Some of the findings of this work may be applicable to human retinal 
development, as the human retina is more similar to that of the squirrel in some regards, such as 
the HC subtypes. Many studies of the mammalian retina are conducted in the mouse, a rod-
dominant mammal. Humans, though rod-dominant as well, have more cone photoreceptors than 
the mouse (Mustafi et al., 2009). Understanding the gene regulatory differences between a cone-
dominant and rod-dominant mammalian retina may be useful in applying those findings from 
mouse studies towards developing therapies for humans.  
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9. Additional Experiments and Future Directions 
 
The experiments discussed in this section can serve as preliminary data for future investigations 
about cis-regulatory element analysis and the role of regulatory elements in retinal evolution.  
9.1 Sequence divergence of Onecut1 regulatory elements 
 
In chapter 3.4 of this thesis we showed that the ECR65 regulatory element near Onecut1 
was found to be very well conserved. We were curious as to whether there was any correlation 
between ECR65 activity and a species’ cone:rod ratio. We used UCSC Blat and NCBI BLAST to 
determine the homologous regions to ECR65 in multiple avian and mammalian species. However, 
regions of this element diverge between mammalian and avian species, regardless of temporal 
niche or cone:rod ratio. This sequence divergence along mammalian/avian lines has some 
functional consequences as well. When we inserted each species’ homolog of ECR65 into the GFP 
reporter plasmid, electroporated into E5 chick retinae along with ThrbCRM1::TdT (Figure 3.1A), 
and cultured for 2 days prior to dissociation and flow cytometry, we observed that several avian 
versions of ECR65 are equally robust in driving reporter expression. There is no relationship 
between temporal niche or cone:rod ratio and ECR65 activity in the chicken, pigeon, or barn owl. 
Similarly, all mammalian versions of ECR65 appeared to be equally incapable of driving reporter 
expression (Figure 3.1B).  
When quantifying reporter activity driven by chicken ECR65, which is comprised entirely 
of accessible chromatin, we do not notice any orientation effects. That is, the element is capable 
of driving expression in either orientation in the reporter plasmid (Figure 3.1A, 3.1C). The 
homologous Mouse ECR65 on the other hand, was strikingly orientation specific and was 
incapable of driving the reporter in one orientation (Figure 3.1C). In chapter 3.4, it was noted that 
chromatin accessibility at this element differs between the chick and mouse and so we redefined 
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mouse ECR65 using accessibility (Figure 1.8). The entirety of the mouse element as defined by 
accessibility was found to be active in either orientation (Figure 3.1C). This result indicates a 
relationship between endogenous chromatin accessibility and activity in the reporter assay at the 
ECR65 element. 
The ECR65 Deletions 1 and 2, as described in Chapter 3.5, were not statistically significant 
in their activity. However, along with Deletion 3 which had a significant effect, all three Deletions 
demonstrated a trend of decreased reporter output. While exploring avenues to understand the 
effect of the deletions, we generated “chimeric” ECR65 reporters. The sequences removed from 
Deletions 1, 2, and 3 were replaced with homologous sequence from the mouse. These 
Chimera::GFP plasmids were electroporated into the E5 retina along with ThrbCRM1::TdT, 
harvested after 2 days in culture, dissociated and analyzed by flow cytometry. The trend in 
decreased GFP reporter expression was maintained in these chimeras, similar to the deletions 
(Figure 3.1D). This result suggests that the homologous sequence from mouse at ECR65 Regions 
1, 2 and 3 may not be functional in the retina. As stated, this part of the sequence is within 
inaccessible chromatin in the mouse genome. It is worth considering how much information about 
chromatin accessibility is maintained when regulatory elements are removed from their genomic 
context. It would be interesting to explore what sequence elements – such as TF binding sites – 
are contained within the extended accessible chromatin of mouse ECR65 and why this particular 
regulatory element differs between mammalian and avian tissue.  
Extending this question to several other regulatory elements from the screen described in 
Chapter 3 may be of interest as well. Due to the nocturnal bottleneck, during which mammalian 
bodies adapted in several ways, the mammalian retinae underwent some restructuring. Some of 
these retinal adaptations, such as rod-dominance, have been studied. It has been observed that rod 
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photoreceptor nuclei in nocturnal mammals have a unique chromatin organization. It has also been 
hypothesized that the majority of mammalian rods begin as S-cones that later turn on rod-specific 
regulatory networks (Kim et al., 2016). However, the full extent of variation between mammalian 
and avian retinae has neither been described nor the developmental mechanisms investigated. 
Understanding the functional consequences of sequence conservation and divergence of several 
regulatory elements between mammals and birds may provide insight into how the process of 
retinal development has evolved in these two clades.  
Multiple mammalian and avian homologues of the 17 active regulatory elements, besides 
ECR65, can be identified through UCSC BLAT and NCBI BLAST. The available mouse ATAC-
seq data can be used to identify which elements are inaccessible or differentially accessible in the 
mouse retina. Further, conserved and divergent regions can be identified through CLUSTAL 
Omega or the MEME suite of bioinformatic tools. Those regulatory elements which diverge 
significantly between mammals and birds can then be functionally tested for activity in the chick 
and mouse retina. The screened elements from Chapter 3.2 demonstrated varying patterns of 
activity. For example, ACR2 is highly specific to photoreceptors whereas ACR8 appears specific 
to multipotent RPCs. It would be interesting to see if divergent regulatory elements share any 
particular pattern of activity in the chick retina and to explore the relationship between 










Figure 3.1 ECR65 activity and chromatin accessibility varies between species. (A) 
Schematic depicting enhancer::reporter constructs used to evaluate regulatory activity of ECR65 
variants. (B) Activity of ECR65 variants based on sequence homology from multiple avian and 
mammalian species. (C) Activity of mouse ECR65 as defined by homology (H) or accessibility 
(A) as compared to chick ECR65. "1" and "2" refer to orientation of the enhancer within the 
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9.2 Development of the barn owl retina 
 
Part II of this thesis detailed an investigation on the development of a cone-dominant 
mammalian retina and how changes to the regulatory network may have led to cone-dominance. 
A similar investigation can be conducted on the avian retina, which is ancestrally cone-dominant 
save for nocturnal predators like the barn owl, which have evolved rod-dominance (Harmening 
and Wagner, 2011). The wide range of photoreceptor ratios and mosaics seen across vertebrates 
demonstrates that there are multiple paths to nocturnality and diurnality. We were interested in 
how the owl had modified its retinal GRNs to favor rod photoreceptor development.  
The retinae of a few different species of owl have been previously characterized. Of these, 
the barn owl (Tyto alba) has a sequenced genome and has been developmentally staged similar to 
the chicken (Köppl et al., 2005; Zhang et al., 2014). For these reasons, and because the tissue was 
available to us, we chose to focus on characterizing barn owl retinal development and 
understanding how it differed from that of the chicken.  
We collected 8 owl retinae from different time points and staged them according to the 
Köppl et al. study (Figure 2A). Owl 2 is Stage 24 or 25, based on morphology of the developing 
limbs. Owl 3 is Stage 29 and most equivalent to Chick E5 (HH24). Taking a similar approach to 
the investigation of squirrel retinal development detailed in Chapter 7, we first sought to stain the 
owl retina with some early markers of retinal development. At owl stage 24/25, we successfully 
stained the retina with Otx2, Onecut1, and Lim1 (Figure 2B). As expected, Otx2 and Onecut1 
overlap greatly in the outer retina and some Onecut1(+) Otx2(-) cells are visible in the inner retina.  
However, the limited number of Lim1(+) cells present at this time point suggest that these 
Onecut1(+) Otx2(-) cells are not Lim1(+) HCs or have not yet begun to express Lim1. They may 
be RGCs, which are known to express Onecut1 in the developing mouse retina. In chick, 50% of 
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cells marked by Onecut1 ECR9 are positive for Onecut1. As this lineage gives rise to retinal 
ganglion cells and as the ThrbCRM1 lineage, which requires Onecut1 expression, also generates 
some RGCs in the chick retina, it is possible that some developing barn owl RGCs express 
Onecut1.   The Onecut1(+) Otx2 (-) cells in the early barn owl retina may be Isl1(+) HCs as well. 
However, it has been observed in the chick retina that Isl1(+) HCs develop after Lim1(+) HCs. 
Overall, further immunohistochemistry is required to determine the identity of these cells.  
  We also collected ATAC-seq data from several of the earlier time points and were able to 
align to the owl genome using Bowtie for Illumina within the Galaxy suite of tools (Figure 3). As 
the Tyto alba genome is not available on UCSC Genome Browser, we used the sequenced Tyto 
alba genome and its annotations to create a custom genome track for the barn owl using Genome 
Browser in a Box (GBiB). The genomic region depicted in Figure 3 is close to the gene Pard3, an 
ortholog of which was shown to be involved in retinal lamination in zebrafish (Wei et al., 2004). 
This and other barn owl accessible chromatin regions can be analyzed using a similar approach to 
the one detailed in Part II of this thesis.   
To understand how the relative numbers of each retinal photoreceptor type are established, 
it would be worthwhile to use this available data and tissue to further study barn owl retinal 
development. A side-by-side comparison of barn owl and chick retinal development at different 
stages may be feasible with the available tissue and would serve as a foundational step in 
understanding the developmental differences between a cone-dominant and rod-dominant retina. 
Identification of differentially accessible chromatin between the chick and owl would then allow 
for further comprehension of how the cone photoreceptor fate is suppressed or how the rod 
photoreceptor number is increased at various stages of owl retinal development.  
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 The tissue and ATAC-seq data would also be useful in studying horizontal cells and retinal 
ganglion cells of the barn owl retina. The Tyto alba retina has been found to have both axon-
bearing (H1) and axonless (H2) horizontal cells (Tarrés et al., 1986). However, the ratio of these 
and the molecular markers they express have not been characterized. As we observed Lim1 
staining at Stage 24/25 of the barn owl retina, it can be hypothesized that the Lim1/Isl1 division 
characterized in chick is also true in the barn owl. As the barn owl retina is rod-dominant, it is 
possible that there are fewer H2 subtype cells as seen in the ancestrally rod-dominant mammalian 
retinae. These hypotheses can be tested by staining later-stage owl retinae for HC markers such as 
Lim1, Isl1 and Prox1. It has also been reported that the peak cell density in the barn owl ganglion 
cell layer is 12,500 cells/mm2, as compared to the peak cell density of 19,000 cells/mm2 in the 
chick ganglion cell layer (Naito and Chen, 2004; Wathey and Pettigrew, 1989). This suggests that 
in addition to having fewer cone photoreceptor and more rod photoreceptors, the barn owl retina 
also has fewer RGCs than the chick retina.  
The main difficulty of this work is that, unlike the squirrel retina, there have been very few 
extensive characterizations of the owl retina. This can be overcome using the later embryonic 
tissue we have available or in collaboration with laboratories that utilize barn owl models. 
Although the genome annotation is incomplete and we do not have a measure of how extensively 
the chicken and barn owl genomes differ, an updated barn owl genome assembly has recently been 
released (Ducrest et al., 2020). Further, as barn owl retinal tissue is available it is entirely feasible 













Figure 3.2 Embryonic barn owl retinal development. Two early stages of barn owl embryos 
are shown at the top. Stage 24.5 retina are shown below, stained with Onecut1, Otx2, and 
Lim1.  
 
Figure 3.3 Barn owl retina ATAC-seq. Data is shown from five different samples. Scale is 20kb.   
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Fertilized chick eggs were acquired from Charles River and stored at 16 °C room for a maximum 
of ten days. Embryonic days were counted from E0 when eggs were moved to a 38 °C humidified 
incubator for five days.  
 
Tissue Collection 
All thirteen-lined ground squirrel retinal tissue was collected by Dr. Mark Emerson in 
collaboration with Dr. Dana Merriman on site at the University of Wisconsin OshKosh in May 
2016. To collect embryonic tissue, ground squirrel females were trapped in the wild during mating 
season and dissected for pups. As these were collected from the wild, precise birthdating of 
embryonic samples was not feasible with the exception of the E21 embryos due to the presence of 
a mating plug at the the time of collection. Postnatal samples were collected at P0, P2, P4, and P6. 
RPE was dissected off from the retina when possible, with the exception of some very early 
embryonic samples and two adult samples. The tissue was then either processed for ATAC-seq as 
described in Buenrostro et. al, 2013 or sunk in sucrose to be frozen and processed for 
immunohistochemistry.  
 
Owl retinal tissue was obtained from the laboratory of Dr. Shreesh Mysore at Johns Hopkins 
University and the laboratory of Dr. Catherine Carr at the University of Maryland. Unhatched owl 
eggs were obtained, placed in a 38 C humidified incubator, and candled to check for the presence 




ATAC-seq collection and analysis 
All mouse, chick, squirrel, and owl ATAC-seq libraries were collected and amplified as outlined 
by Buenrostro et al., 2013. Mouse retinas were collected from embryonic day 12.5 (plug morning 
equal to time 0.5) embryos, and dissociated using manual douncing. Libraries were analyzed for 
quality control on Bioanalyzer and Qubit and then sequenced at a depth of 37.5 million reads per 
sample. Sequenced libraries were prepared for analysis using FASTQGroomer (Blankenberg et 
al., 2010) on default settings and then analyzed using Bowtie for Illumina (Langmead et al., 2009) 
with default settings except -X 2000 and – m 1, through the usegalaxy.org (Afgan et al., 2018) 
web platform. Resulting SAM files were converted to the BAM format (Li et al., 2009) and the 
BigWig format (Kent et al., 2010), to be visualized on the UCSC Genome Browser (Kent et al., 
2002).  
 
As the owl genome is not available through UCSC or the Galaxy suite, the genome (ASM6870v1) 
was downloaded from NCBI (RefSeq accession GCF_000687205.1)  and constructed into an index 
on Galaxy. The FASTQ files were then processed and aligned as described. The alignments were 
then visualized in BigWig format through UCSC Genome Browser in a Box (GBiB), which allows 
for custom genome, annotation and BigWig tracks to be hosted locally on a computer.   
 
Comparative ATAC-seq analysis 
To visualize the ground squirrel ATAC-seq data against the mouse genome, we modified the 
comparative ChIP-seq protocol from (Bardet et al., 2012). All of the individual reads from the 
BAM files were first given coordinates in the mm10 genome assembly using the LiftOver utility 
from UCSC Genome Browser (Hinrichs et al., 2006). Following this, any “LiftOver”-ed reads with 
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indels that resulted in a >10% difference in length compared to the original alignment were 
discarded. This resulted in a BED format file containing reads from squirrel ATAC-seq libraries 
that were conserved in the mouse genome, along with genomic coordinates from the mm10 
assembly. This BED file was then converted into a BigWig format file using the bamCoverage 
tool from deepTools with a bin value of 1 (Ramírez et al., 2016).  
To derive a list of differentially accessible peaks, we followed the protocol suggested by (Trizzino 
et al., 2017). We first used MACS2 (Zhang et al., 2008) with the following settings:  
MACS2 callpeak -t Adult_mouse_SAMtoBAM.bam m_e13p5_2_SAMtoBAM.bam P0_A_SAMtoBAM.bam 
P0_B_SAMtoBAM.bam P7_mouse_SAMtoBAM.bam -n mouse_all_atac  
--outdir mouse_all_ATAC -f BAMPE -g mm   
 
## the option -n provides a name for the output files, the option -f details the format of the input files and the option -
g tells MACS2 which effective genome size to use 
 
The narrowPeak file output from MACS2 was then cut from 12 columns to the first 6 columns, to 
follow the BED file format, using the following command: 
cut -f 1-6 mouse_all_atac_peaks.narrowPeak > mouse_all_atac_peaks.bed 
 
Then, we used UCSC LiftOver to derive coordinates from the speTri2 assembly for all of the 
mouse ATAC-seq peaks with the following command:  
liftOver mouse_all_atac_peaks.bed mm10ToSpeTri2.over.chain mouse_all_to_sq.bed mouse_all_unmapped.bed 
 
Following this, we used bedtools coverage to determine how many reads (“features”) aligned to 
each peak from MACS2. The original peaks from MACS2 were used as input alongside the BAM 
format files from the mouse ATAC-seq data. The LiftOver peaks derived from the previous step 
were used as input alongside the BAM files from the squirrel ATAC-seq data. This process is 
detailed in the following commands:  




samtools sort -o mouse_P7_sorted.bam P7_mouse_SAMtoBAM.bam 
samtools index mouse_P7_sorted.bam   ## sort and samtools sort are used to sort the input BED file and BAM file to 
ensure that the following steps run efficiently  
 
bedtools coverage -a mouse_atac_sorted.bed -b mouse_P7_sorted.bam > mouse_coverage_P7.txt  
 
bedtools coverage -a mmToSpeTri_sorted.bed -b sq_4_sorted.bam > mouseToSquirrel_coverage_Sq4.txt 
 
Bedtools coverage outputs 4 columns of data, the first of which can be described as “read depth” 
or the number of reads (“features”) which align to each peak. This information from all of the 
coverage files was consolidated into one large file using the pandas module of python and provided 
as input to DESeq2 (Love et al., 2014). A heatmap of the 100 most differentially accessible 
chromatin regions was generated using the R package heatmap3 (Zhao et al., 2014). 
 
Electroporation 
Retinae were electroporated ex vivo as previously described (Schick et al., 2019). CAG::reporter 
plasmids were used at a concentration of 0.1ug/uL with the exception of CAG::mCherry, which 
was used at a concentration of 0.04 ug/uL. Reporter plasmids under the control of a tissue-specific 
enhancer (ex: ThrbCRM1, ECR9, ACR2, etc) were used at a concentration of 0.16 ug/uL For 
lineage tracing experiments, all plasmids (recombinase, responder plasmid, co-electroporation 
control) were used at a concentration of 0.1 ug/uL. Recombinase and responder plasmids are 
described in Schick et. al., 2019. Plasmids used in initial identification screen for cis-regulatory 
elements used miniprep scale DNA purification (Zymo Research, D4020 or  5 prime/Eppendorf, 
FastPlasmid kit) and all subsequent experiments used midiprep scale DNA purification (Qiagen, 
12145 or 12243). 
Alkaline Phosphatase Staining 
Retinas were harvested from culture and fixed in 4% paraformaldehyde (PFA), washed 3X in PBS, 
and incubated in 1 mL NTM (pH 9.5) buffer for 15 minutes while shaking at a low speed before 
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addition of 1mL NTM with NBT(0.25 mg/mL) and BCIP (0.125 mg/mL). Retinae were incubated 
with the AP substrates in the dark for 2-3 hours until the positive control was well-stained.  
 
Immunohistochemistry 
Retinas were harvested from culture, prepared for cryosectioning, and 20 micron vertical sections 
were collected as outlined in Schick et al., 2019. Sections were incubated for 10 minutes in 0.1% 
Tween (VWR, 97062-332) in PBS (PBT) and then blocked for 1 hour in 5% serum (Jackson 
ImmunoResearch, Donkey - 017-000121, Goat - 005-000-121) in PBT at room temperature prior 
to incubation with primary antibodies overnight at 4 C. Sections were washed 3X with PBT, prior 
to blocking at room temperature for 30 min and then incubated with secondary antibodies 
overnight at 4 C. DAPI was added at 1 ug/uL in PBT while washing off the secondary antibodies. 
Sections were then mounted using Flouromount-G (Southern Biotech, 0100-01) and coverslips 
(VWR, 48393-106). Primary antibodies are listed in the table below. All secondary antibodies 
were obtained from Jackson ImmunoResearch and suitable for multiple labelling. All Alexa-
conjugated secondary antibodies were used at dilution of 1:400 and Cy3-conjugated secondary 





Microscopy and Cell Counting 
Images of whole AP-stained retinas were acquired using a Zeiss Axiozoom V16 microscope with 
a 1X objective and Zen 2 Blue 2011 software.  All confocal microscopy images were acquired 
using a Zeiss LSM 710 inverted confocal microscope with a 40x oil immersion objective, 488nm 
laser, 561 nm laser, 633 nm laser, 405 nm laser, and Zen Black 2015 21 SP2 software at a resolution 
of 1024 x 1024, acquisition speed of 6 and averaging number of 2. For all confocal images shown, 
Z-stacks consisting of 8-12 Z planes were collected and are shown as maximum intensity 
projections. Cells were counted in the Fiji (Schindelin et al., 2012) distribution of ImageJ, using 
the Cell Counter plug-in developed by Kurt De Vos. In the lineage-tracing experiments and for the 
EdU assay in Part I, all GFP(+) cells which co-localized with DAPI were counted first and cells 
positive for EdU or for cell-specific markers such as Visinin were counted among this population. 
In both instances, multiple images per retina were analyzed if necessary to reach at least 45-50 
GFP(+) cells. For the quantification of Otx2(+)Onecut1(+)/Onecut1(+) cells in Part II, 100-200 
Onecut1(+) cells were counted per retina and then all Otx2(+) cells within that population were 
Antibody; dilution Vendor Catalog number 
Chick anti-GFP 1:2000 Abcam ab13970 
Rabbit anti-GFP 1:1000 Invitrogen A6455 
Mouse anti-AU1 1:2000 Enzo ENZ-ABS135-0200 
Chick anti-Bgal 1:1000 Abcam ab9361 
Rabbit anti-RFP 1:250 Rockland  600-401-379 
Mouse anti-Onecut1 1:200 Santa Cruz Sc-376308 
Rabbit anti-Onecut1 1:300 Proteintech 25137-1-AP 
Goat anti-Otx2 1:500  R&D AF1979 
Rabbit anti-Otx2 1:500 Abcam Ab2190 
Sheep anti-Vsx2 1:200 Ex Alpha x1180p 
Mouse anti-Visinin 1:250  DHSB 7G4-s 
Mouse anti-Lim1 1:15  DHSB 4F2-C 
Mouse anti-Isl1 1:50 DHSB 39.3F7  
Mouse anti-panBrn3 1:100 Santa Cruz Sc-390781 
Mouse anti-Brn3a 1:400  Millipore Mab1585 
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counted. Brightness and contrast were adjusted uniformly across each image in Affinity Designer 
vector editor (Serif [Europe] Ltd).  
 
EdU Pulse and Detection 
For the chick retinae in Part I , 5 uL of 10mM EdU solution was added to 1 mL of culture media 
during the last hour of incubation before retinas are harvested as described above. The squirrel 
retinae in Part II, Figure 2.4, were cultured ex vivo with 1 ul of 10 mM of EdU solution in 1 mL 
of culture media for 2 hours. EdU was detected using the Click-iT Plus EdU Kit for Imaging 
(Invitrogen, C10640). The tissue was first incubated for 15 minutes in 0.1% Tween in PBS at room 
temperature before incubating with the EdU Reaction Cocktail for 30 min in the dark at room 
temperature. The EdU Reaction Cocktail was then removed with 3 washes of PBT prior to antibody 
staining.  
 
Deletions and Mutagenesis 
Deletions or truncated versions of regulatory element sequences were generated through the use 
of PCR primers that began internally within the sequence and excluded the portions of the 
sequence to be deleted. Mutant regulatory element sequences were generated using overlap 
extension PCR, in which primers included short sequence mismatches at potential TF binding sites. 
A second set of primers encompassed the ends of the regulatory element sequence and the 
restriction sites within the plasmid template for easy cloning of the mutant sequence into the 
Stagia3 reporter vector. Site 3 and Site 4 within ECR9 were mutated to the sequences “TTAGAC” 
and “AGGCCA”. The bHLH site within ECR65 Region 4 was also mutated twice, to the sequence 
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“CTGATGAATGGCG” to include the E-box site, 4 bp upstream and 3 bp downstream and to the 
sequence “TTTCCCAAAG” to include the E-box site and 4 bp upstream.   
 
MEME-suite 
To identify conserved motifs within ECR65, we used MEME with settings to find a maximum of 
12 motifs, with a width of 6-50 bp each and 2-9 sites per motif. For ECR9, we used settings to find 
a maximum of 7 motifs, with a width of 6-50 bp each and 2-8 sites per motif. The output from 
MEME was then used as input for TOMTOM under default settings.  
 
Multiple Sequence Alignments 
The alignments between the chick, mouse, and human sequences for ECR9 and ECR65 (Figure 
1.10) were produced in Clustal Omega (Madeira et al., 2019) version 1.2.4 with default settings.  
 
Plasmids 
Plasmids containing coding sequences of candidate TF genes, from chapters 3.6, 3.8, and 3.8 
(Figures 1.11,1.12, 1.13, 1.15, 1.16) were obtained from Transomics. Mouse Nhlh1 (Clone ID: 
BC051018) and mouse NeuroD4 (Clone ID: BC054391) were cloned using EcoR1 to insert into a 
modified pCAG vector that allows for EcoR1 flanked insert cloning (Emerson et al., 2013) while 
mouse NeuroD1 (Clone ID:  BC018241), human NeuroG2 (Clone ID: BC036847) and human 
Atoh7 (Clone ID: BC032621) were cloned using a combination of EcoR1 and Not1 (NeuroD1, 
NeuroG2, Atoh7) into pCAG::EGFP (Matsuda and Cepko, 2004) such that each coding sequence 




The following plasmids were previously reported: CAG::OC1, ThrbCRM1::GFP, 
ThrbCRM1::AU1 plasmids (Emerson et al., 2013); CAG::iRFP (Buenaventura et al., 2018); 
Bp::PhiC31 lineage tracing and CAaNa::GFP responder plasmids (Schick et al., 2019); 
UbiC::TdTomato (Rompani and Cepko, 2008);  and TdTomato reporter plasmid (Jean-Charles et 
al., 2018). The CAG::mCherry and CAG::nucBgal plasmids were constructed by Takahiko 
Matsuda and reported in (Wang et al., 2014) and obtained from the Cepko lab, respectively. The 
ThrbCRM1::TdTomato plasmid was made by ligating a Not1/EcoR1 fragment from 
ThrbCRM1::GFP into the TdTomato reporter plasmid (Jean-Charles et al., 2018). Candidate 
Onecut1 cis-regulatory elements were amplified from chick or mouse genomic DNA with 
Herculase II polymerase (Agilent, 600677-51), treated for 10-30 minutes with Taq polymerase 
(Qiagen, 201203) to generate Adenine overhangs, and ligated into PGemTeasy (Promega, A1360). 
Inserts were sequence verified by Sanger sequencing (Genewiz) and moved into Stagia3 after 
EcoR1 digestion. In cases where elements contained EcoR1 sites, the original sequences used to 
amplify candidate elements were used to generate modified oligos with Xho1, Sal1, or Mfe1 
restriction sites to allow for PCR-amplification of elements from the verified PGemTeasy clones 
and subsequent insertion into an appropriately digested Stagia3 plasmid. As candidate elements 
could be inserted into Stagia3 in two orientations, for some elements both possible orientations 
were tested. 
Dissociation and Flow Cytometry 
Upon harvest, retinae were dissociated into single cells as described in Schick et al, 2019 using 
papain (Worthington, LS003126) and an activation solution of L-cysteine (VWR, 97063-478) and 
10mM EDTA at 37 C. 10% FBS (ThermoFisher, A3160602) solution in DMEM (Life 
Technologies, 11995-073) was used to stop the dissociation .Cells were further digested with 
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DNaseI (Sigma, 4536282001) and subsequently washed in DMEM prior to fixing in 4% PFA. 
Dissociated cells were then analyzed on a BD LSRII machine using the 488nm, 561nm, and 633nm 
lasers. The collected data was analyzed using FlowJo version 10.4.2.   
 
Statistical tests 
Statistical tests were conducted using GraphPad Prism. Data sets were tested for normality 
(Shapiro-Wilk) prior to ANOVA, Kruskal-Wallis, or t-tests. Significant Kruskal-Wallis or 















Figure Exp. Condition Dunnett p-value Dunn p-value Unpaired t-test 
Figure 4a ECR65 Deletion 3  0.0011  
ECR65 Deletion 4 < 0.0001   
ECR65 Deletion 5 < 0.0001   
Figure 4c ECR9 Deletion F   0.0016 
 ECR9 Deletion 1   0.006 
 ECR9 Deletion 2   0.0025 
Figure 4b ECR65 bHLH Mut A < 0.0001   
ECR65 hb Mut 0.0242   
Figure 4d ECR9 site 3 Mut 0.0007   
 ECR9 site 4 Mut 0.001   
Figure 5a ECR65 + Nhlh1 0.046   
 ECR9 + NeuroD1 0.0019   
 ECR9 + NeuroG2 0.0085   
 ECR9 + NeuroD4 0.021   
Figure 5c ECR65 + Nhlh1 0.046   
Figure 5d ECR9 + NeuroD1 0.0137   
 ECR9 + NeuroD4 0.01   
 ECR9 + NeuroG2 0.0164   
Figure 7a Nhlh1 Vsx2 + GFP   0.035 
 ECR9 + NeuroD1 Otx2 0.0245   
 NeuroD1 Vsx2 + GFP 0.0287   
 ECR9 + NeuroG2 Otx2 0.0098   
 ECR9 + NeuroD4 Otx2 0.0069   
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